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1.1 ANOMALOUS MICROWAVE EMISSIONS FROM INTERSTELLAR HYDROXYL 
The hydroxyl radical (OH) is one of the most intensively 
studied molecules. It plays a major role in laboratory chemistry, 
atmospheric pollution studies and radio astronomy; it is also one 
of the simplest diatomic molecules readily accessible for a wide 
range of spectroscopic techniques in the optical (DIE 62, ELM 72), 
infrared (DUC 72) and microwave (DOU 55, ΡΟΥ 68, MEE 75, MEU 72) 
regions of the spectrum. In 1963 Weinreb et al (WEI 63) reported 
the first observation of the absorption spectrum of OH at 18 cm in 
the radio source Cas A. This spectrum originates from the four 
hyperfine transitions F=l,2 * F'=l,2 across the A-doublet of the 
2 
rotational ground state (Χ Π_,„, J=3/2). This discovery was 
followed two years later by the detection of emission spectra in 
W49 and NGC6334 by Weaver et al (WEA 65). In the subsequent period 
of time emission spectra, also from several excited rotational 
states, were reported in a large number of sources. In all but 
very few cases, the observations revealed many puzzling features, 
the most striking being the extremely high brightness temperatures 
of 10 -10 К observed in some sources. Turner (TUR 70) divided 
the OH formations into four classes of objects, distinguished by 
certain characteristic features. Class I OH sources show anoma­
lously strong emissions in the main transition(s) F=l •• 1 and/or 
F=2 •* 2 situated, respectively, at 1665 and 1667 MHz with the 
former being stronger in most sources (W3, W49, NGC6334); the ob­
served linewidths are usually very small, corresponding to kinetic 
temperatures well below 50 K, and the emitted radiation is strong­
ly linearly or circularly polarized. These sources seem to be 
associated with shock front boundaries between H and H regions 
(HAB 74), young formations (0 or В type stars) or thermal radio 
sources. The class 11(a) and 11(b) sources show emission only at 
1720 MHz and 1612 MHz, respectively, corresponding to the usually 
9 
weak satellite transitions (ûF=±l) between the upper and lower 
A-doublet levels, whereas Class ITI sources enit very weakly in all 
lines with apparently normal intensity ratios (local thermal equi-
librium) . 
The very high brightness temperatures and small linewidths 
can only be explained if some kind of cosmic maser action is pre-
sent: stimulated emission of microwave photons at frequency ν , 
triggered either by the spontaneous emission or by the 3 К back­
ground radiation, can produce the required intensities, provided 
the population η of the upper level of the considered transition 
is sufficiently higher than the occupation n. of the lower level. 
The intensity change di at frequency ν with distance (s), stimu­
lated by radiation with intensity I , is then given by: 
di 
д-2 = g(v)I (n-n.) (1-1) 
ds v u l 
with g(\>) a factor depending on the Imeshape and strength of the 
transition u ·* 1. If, for simplicity, η - n1 is assumed to be in­
dependent of s, integration of (1-1) gives the exponential 
behaviour: 




- n^s] (1-2) 
From this expression and the Gaussian (Doppler) frequency depen­
dence of g(\)) the high brightness temperatures (high intensities) 
and narrow linewidths of the maser emission (when η > η.) are 
u 1 
explained, if sufficient length s of the OH formation is available, 
Since m thermal equilibrium η < n. the situation in which η > n, 
^ u 1 u 1 
is called population inversion. If η < η. the microvvave radiation r r
 u 1 
is absorbed in the hydroxyl formation. Litvak et al (LIT 66) 
proposed a mechanism based on the electronic excitation of OH by 
by selective absorption of UV radiation near 308 nm and capable 
of producing the required population inversion in Class I OH 
sources. Rotational and vibrational excitation of OH by IR radia­
tion, followed by decay of the excited state, can under certain 
10 
conditions also produce the required inverted population in 
Class I or Class II sources (LIT 69, ELI 76). Also collisions with 
anisotropically streaming electrons (JOH 67), H, H or He (BER 76) 
and collisional dissociation of H O by H atoms (GWI 73) are sugges­
ted to produce anomalous population distributions in OH. Practically 
no experimental investigations on these mechanisms have been repor­
ted. Collisions of OH with electrons has been studied by ter Meulen 
(MEU 76). He also discovered an inverted A-doublet population dis­
tribution originating in the production of OH from the reaction 
H + NO + OH + NO (MEU 76a) . Since that time several authors have 
reported "chemical" population inversions between the Л-doublet 
states of OH (MAR 77, LEM 79, GER 80). 
In this thesis the UV induced population transfer mechanism 
for Class I Oil sources is investigated. This proces is shown 
schematically in Fig. 1.1. The OH radicals arc excited to the 
first excited electronic state A £.,/„ by UV radiation near 308 nm 
2 
via six rotational transitions from the Χ Π . , J=3/2 ground state 
UV· 
micro-
wave(mw)-(eg З ' К ) -
terrestnal 
observer 
Fig. 1.1 A schematic view of the UV induced inversion of the 
ground state л-doublet populations and the resulting 
maser proces in the OH cloud. 
11 
(if hyperfine structure is included a total of 20 transitions is 
obtained). In the subsequent decay of the Σ state, the excited 
2 
population is redistributed over the levels in the Χ Π . , J=3/2 
state. Because the line strengths of the various UV transitions are 
not equal, the net population transfer strongly depends on which 
transition is dominating the excitation at a particular position 
inside the hydroxyl cloud. As the UV penetrates into the cloud, 
the intensities at frequencies corresponding to different transi­
tions are also absorbed differently, because of these unequal line 
strengths (and therefore unequal absorption coefficients). Conse­
quently excitation via the strongest lines determines the popula­
tion transfer at small optical depths, whereas the weaker transi­
tions are responsible for the redistribution at larger depths 
into the cloud. This effect causes the amount of population inver­
sion to vary considerably along the path of the UV radiation. 
Turner (TUR 70) showed, that (partial) overlap between adjacent 
hyperfine UV transitions severely influences the population trans­
fer proces due to the interaction of the exciting transitions by 
absorption of UV radiation at the same frequency. This effect is 
confirmed in our calculations (Chap. 2 and 6), which also show 
that collisions between hydroxyl and other particles (mainly 
molecular hydrogen) strongly interfere with the radiative transfer 
proces by inducing transitions across the ground state A-doublet 
and opening transfer routes forbidden for radiative processes. 
This results in a large reduction of the amount of inverted popu­
lation. To determine the resulting population distribution in the 
ground state the knowledge of the complete energy structure of 
both the ground and excited electronic states, including hyperfine 
structure, is required. This information is available for the 
2 2 + 
Χ Π , state (DES 77). In the Α Σ . state the rotational and rho-
doubling structure is known from measurements reported by Diecke 
and Crosswhite (DIE 62) and Engleman (ENG·72). A theoretical 
prediction of the hyperfine splitting in the first excited rota-
2 + tional state in Α Σ . is given by German et al (GER 73) based 
on measurements on OD. 
12 
In the present investigation stimulated emission in а Λ-
2 
doublet transition of an excited rotational Χ Π . state is obser-
2 + 
ved, when pumping molecules from the ground state to the Α Σ . 
•w *-
state by UV excitation. The population inversion produced is of 
the order of 1% (Chap. 5). Moreover, the hyperfine structure in 
2 + 
the Α Σ . state has been determined experimentally for the first 
time. The hyperfine splittings turned out to be a factor of 10 
2 
larger than in the Χ Π , state and consequently can have a strong 
2 + influence on the population transfer via the Α Σ . state. The 
1 / ώ 
measurements have been made possible by the development of a fre­
quency doubled dye laser as UV source, delivering a high power in 
a very small bandwidth. 
1.2 THE EXPERIMENTAL METHOD 
The experimental investigation of radiative population 
transfer mechanisms is hindered by the fact, that the cosmic 
situation cannot be reproduced in all its aspects simultaneously 
in the laboratory. Mainly the factor time is responsible for this: 
the UV (electronic), near-infrared (vibrational) and far-infrared 
(rotational) cascade should be given time to complete. While the 
electronic decay is quite fast (τ=10 s), the vibrational 
_2 (τ=10 s) and rotational (τ=1-10 s) cascades are relatively slow, 
which requires collision free path lengths of the order of at least 
10 m to study the resulting population distribution in the ground 
state. Consequently a complete investigation of the UV induced 
population inversion mechanism in the laboratory is practically 
impossible. Therefore the present investigation is limited to the 
study of specific important aspects. A molecular beam set-up is 
used in order to resolve the Σ state hyperfine splittings and to 
avoid collisions disturbing the radiatively induced population 
transfer into the rotational levels in the direct decay from the 
2 Ί­
Α Σ , state. The molecular beam machine, a beam maser spectrometer 
x/ ¿ 
(GOR 54), is essentially the same as described by ter Meulen 
13 
(MEU 76). The basic components of the UV source and the beam maser 
are shown in Fig. 1.2. 
The hydroxyl radicals, produced in a reaction between H and 
NO , pass through the UV excitation region, an electrostatic state 
selector and two successive microwave cavities, where two different 
Л-doublet transitions are induced (Chap. 4). The principle of 
operation of a beam maser is essentially the same as of the inter­
stellar OH maser: stimulated transitions between levels with an 
inverted population distribution (Eq. 1-1). The main difference 
between the laboratory situation and interstellar space lies in 
the mechanism inverting the population distribution: in space the 
situation η > n1 is achieved by some as yet unknown mechanism, in 
the laboratory by the use of an electrostatic state selector (a 
very unlikely mechanism for interstellar space). If the resonance 
frequency of the cavity equals the transition frequency a small 
increase of the microwave power reflected from the cavity occurs 
due to stimulation of transitions in the OH beam by the strong 
microwave field inside the cavity. This change in microwave inten­
sity is detected by superheterodyne techniques to be described in 
Chap. 4. 
In the state selector the OH beam passes through an inho-
mogeneous electric field E, which, at a radial position r, exerts 
a force F on the molecules: 
* dW dE г . . 
F
 = - dÊ d? r ( 1- 3 ) 
with W the molecular Stark energy. In the type of selector used 
in this investigation only the radial field gradient is large 
enough to be taken into account and -τ- > 0. In all microwave 
ь
 dr 
transitions in OH the upper state has a positive Stark effect 
(-τ— > 0), corresponding to a force directed towards the axis of dE 
the selector. The OH radicals in the upper state are therefore 
dW focused, whereas the molecules in the lower state (-тт: < 0) are 
defocused by the selector. The net result is an occupation inver­
sion of the molecules entering the microwave cavity (Chapt. 4). 
With the present beam maser spectrometer signal to noise 
14 
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Fig. 1.2 Schematic view of the beam maser spectrometer and UV source. The curves shown in the 
beam maser are the trajectories of an upper and lower A-doublet state molecule. 
ratios up to 100 at RC= 1 s are obtained after phase-sensitive 
detection, which is sufficient for the study of the UV induced 
population transfer proces in the beam maser. The hyperfine 
splittings of the Α Σ , state are measured by monitoring the 
fluorescence intensity, produced in the decay of the Σ state, 
by means of an UV sensitive photo-multiplier tube, while sweeping 
the frequency of the UV source (Chap. 5). 
The tunable UV radiation near 308 nm is produced by genera­
tion of the second harmonic of tunable dye laser radiation in the 
visible region (616 nm). For this purpose the light beam of the 
dye laser is focused into a nonlinear crystal made of Ammonium 
Dihydrogen Arsenate (ADA), which is temperature tuned, by means 
of a specially designed stable oven system, to obtain optimum con­
version from the visible to UV. The dye laser is pumped by an 
argon-ion laser operating at 514.5 nm. By means of three specially 
coated Fabry-Perot type étalons, inserted into the dye laser 
cavity, the laser is forced to operate in only one single longitu-
dinal mode. This single mode operation is required, because the 
hyperfine splittings to be resolved are of the same order of 
magnitude as the frequency distance between two adjacent modes. 
Scanning of the laser output frequency is accomplished by variation 
of the length of the laser cavity. 
For second harmonic generation (SHG) either an extra-cavity 
or an intra-cavity frequency doubling set-up can be used. In the 
first case the nonlinear crystal is positioned outside the laser 
cavity. This is certainly the easiest method for SHG, because no 
interaction between the frequency doubling and lasing processes 
is present, permitting optimization of both processes separately. 
Experiments showed, that a single mode UV power of at most 2.5 pW 
could be obtained under stable operating conditions, which is far 
below the requirement for observable effects using microwave de-
tection (Chap. 2). Because of the quadratic dependence of the 
generated UV power on the incident fundamental power, a substantial 
increase is expected, when the crystal is placed inside the dye 
laser cavity (intra-cavity operation), where the radiation field 
16 
is much stronger. In this situation, however, the nonlinear medium 
imposes an additional loss to the fundamental radiation due to 
absorption, scattering and reflection, causing optmization of the 
entire set-up to be more complicated. The increase of single mode 
UV power, on the other hand, is quite dramatic: 0.2 mW stable UV 
is observed at 308 nm, which amply makes up for the extra effort. 
In the course of the experiment stabilization of the UV 
frequency appeared to be necessary. Two active feedback loops, 
therefore, lock the frequency of the dye laser radiation to the 
transmission profile of a stable external reference cavity of the 
Fabry-Perot type and reduce the drift of the UV frequency by 
several orders of magnitude, leaving a residual drift < 100 MHz 
per hour, which is sufficient for our purpose. With this UV source 
2 + the measurements of the hyperfine splittings of the A "L . state 
of OH are performed at an average UV level of 60 yW permitting a 
stable frequency scan of 6 GHz in the UV. During the population 
transfer experiments scanning is not necessary and the UV source 
is operated at a maximum power level of 0.2 mW single mode. An 
extensive discussion of the principle of SIIG and the construction 
of the frequency doubled dye laser is presented in Chap. 3. 
Since 1972 Laser Induced Fluorescence (LIF) experiments on 
OH have been reported by several authors (BAA 72, ВЕС 72, BRO 74, 
HOG 74, WAN 74, GER 75, LFN 77, LIE 80). In all these experiments 
a pulsed frequency doubled dye laser was used to excite the OH 
either m a gas cell or in the atmosphere. In the present inves­
tigation, however, the first LIF measurements in the UV using a 
CW frequency doubled dye laser to excite the OH in a molecular 
beam set-up are presented. 
17 
CHAPTER 2 
THE UV INDUCED POPULATION TRANSFER MECHANISM 
AND ITS EXPERIMENTAL INVESTIGATION 
2.1 THE MOLECULAR PROPERTIES OF THE HYDROXYL RADICAL 
The electronic properties of the hydroxyl molecule are 
determined by an open-shell configuration of its nine electrons, 
resulting in a non-zero orbital (L) and spin (S) electronic angular 
momentum. Because of the cylindrical symmetry of the molecular 
potential field about the internuclear axis, only the components 
Λ(=0, ±1,...) and Σ(=±/£) of L and S, respectively, along this axis 
are quantized. Spin-orbit interaction couples Λ and Σ to the total 
electronic angular momentum Ω = ti+Σ along the internuclear axis, 
which for the ground state (Λ=±1) of OH can take the values |Ω|= 
2 2 
1/2, 3/2. Of the two states Π , and Π ,_ the latter has a lower 
energy. The end-over-end rotation К of the nuclei couples with Ω, 
resulting in an angular momentum J characterized by the quantum 
number J=|η| , |Ω|+1 The degeneracy between the rotational 
states +Ω and -n is lifted by the interaction between К and L, the 
phenomenon known as Л-doubling. Interaction between the spini (=^) 
of the hydrogen nucleus and the magnetic field generated by the 
electronic and rotational motion couple I and J to the total 
angular momentum F, characterized by the quantum number F=J±l/2. 
An extensive theory of the wavefunction and energy level structure 
of the electronic ground state of OH is given by Dousmanis et al 




The resulting energy level scheme of the Χ π state is shown in 
In the first excited electronic state Α Σ, ,„ the electronic 
1/2 
angular momentum Λ vanishes. Consequently the coupling scheme for 
this state is close to Hund's case (b): К and the electronic spin 
S couple to an angular momentum J, the interaction known as the 
p-doubling phenomenon which splits each К level into a doublet 





















Fig. 2.1 The energy level scheme of the electronic ground state 
of OH. The arrows indicate the observed interstellar 
microwave emissions. 
the hyperfine interaction. The wavefunctions of the rho-doublet 
hyperfine levels in Hund's case (b) representation are designated 
by |2£ + K J = К ± 1/2 IFM >. 
2 2 + The hyperfine splittings in both Χ Π and Α Σ . states 
are of great importance to the UV induced population transfer 
mechanism proposed by Litvak (LIT 66): (partial) overlap due to 
Doppler broadening between adjacent hyperfine transitions may 
19 
substantially influence the population transfer and the resulting 
relative occupation distribution between the ground state hyperfine 
levels. The hyperfine splittings in the rotational states up to 
2 2 
J=7/2 in Χ Π . and up to J=9/2 in Χ π . , which are of interest 
to the transfer problem, are given in Table 2.1. From optical work 
by several authors (DIE 62, ENG 72) good data on the rotational 
and rho-doubling structure of the Α Σ . state are available. 
2 Because the complete energy structure of the Я ground state is 2 + 
very well known, only the hyperfine interaction in the Α Σ . 
electronic state of OH will be discussed in some detail. 
2 
Hyperfine splittings in Χ Π ,± states 
J x2rc1/2.+
 χ 2 ι Ι
ι / 2 ' - ^ з / г ' -
 χ 2 π3/2'-
1/2 90.414(5) 14.906(5) 
3/2 11.838(7) 70.216(7) 53.17083(30) 55.12802(30) 
5/2 71.536(7) 17.819(7) 18.346(7) 14.001(7) 
7/2 23.609(7) 74.002(7) 7.4353(15) 0.6554(15) 
9/2 12.3183(23) 21.3241(32) 
Table 2.1 The hyperfine splittings in various rotational states 
2 2 
of Χ Π , and Χ Π / according to Destorabes est a_l 
(DES 77). Parity of states is identical to that used 
by ter Meulen (MEU 76). All splittings are given in MHz. 
The Hamiltonian, containing the rotational, rho-doubling 
and hyperfine interactions, can be written as: 
Η - Β
Σ




The operators are defined in the molecular frame of reference, 
where the Z-axis is directed along the internuclear axis; В and 
γ represents the rotational and rho-doubling constant , respecti­
vely, while b and с are the hyperfine coupling constants as given 
20 
by Frosch and Foley (FRO 52): 
b = g
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where the average has to be taken over the electronic space coor­
dinates r and χ. In the expression for the Hamiltonian given above 
the interaction between the Α Σ , and other electronic states, 
2 2 
such as Χ Π and Δ, has been neglected as well as distortion 
effects, because these contributions to the energy are far below 
our experimental accuracy of ^1 MHz. To evaluate the matrix 
elements of Eq. (2-1) it is most convenient to develop the Hund's 
case (b) wavefunctions in terms of Hund's case (a) equivalents. 
Following the phase convention of Freed (FRE 66) the correspondence 
is written as follows (MEE 71): 
| 2 ^ / 2 К J=K± 1/2 IFMF>b = | 2i^ / 2JIFM F7> a (2-4) 
where the right hand expression represents the symmetrized Hund's 
2 + -
case (a) function. The reduction from | Σ
 /0JIFM +> to 2 + - 1/2 F a | Σ , JM.IM +> representation in evaluating the Hamiltonian matrix 1/2 j I a 
elements is done by application of spherical tensor operator tech­
niques (JUD 63). The latter wavefunction can be decomposed into 
I'^VV 1 "! ' w i t h 
| 2 Σ ^ . JMT+> = i-[ |Λ=0+>| 5Σ>| JfiM > + |Λ=0+>|3-Σ>| J-.QM >] 
(2-5) 
and S=Z=S2=l/2; |Λ=0 > represents the electronic wavefunction of 
the Σ state, while |3Σ> is the spin wavefunction of the unpaired 
electron. The rotational part |JS2M > can be expressed in terms of 
the rotational matrix elements: 
|Ji!MJ> = /(SiLl) D¿ J¿ (α,Β,Y) (2-6) 
8π ' J 
21 
The symmetry of the wavefunctions (2-4) under a reflection in a 
plane containing the internuclear axis (henceforth called symmetry 
K—1 
operation P) is given by (-1) for the Hund's case (b) function 
(MEE 71), corresponding to (-l)p(-l) for the case (a) equiva­
lent having parity p=+. Using these wavefunctions, the matrix 
elements of (2-1) in Hund's case (b) representation can be shown 
to be nonzero if ΔΓ=0; AJ=0,±1; ΔΚ=0,±2. The last rule is evident 
from the consideration that the Hamiltonian (2-1) is invariant 
under Ρ while the Hund's case (b) wavefunctions have symmetry 
K—1 (-1) . The expressions for the matrix elements are (in agreement 
with Radford (RAD 64)): 
<
2
ς | / 2 Κ J=K-l/2 I F=K-1 |H| 2 r | / 2 K-2 J=K-3/2 I F=K-1> = 
•(K(K-l)) . , 
- 2K(2K-l) C ( 2- 7 ) 
<
2
ς | / К J=K-l/2 I F=K-1 |H| 2lt / 2 J=K-l/2 I F=K-1> = 
Β
Σ
Κ(Κ-1) - ЦуіК+І) -
 4 ) ι 2 ^ _ 1 ^ [o-b(2K-l)] (2-8) 
<
2
ς|, К J=K-l/2 I F=K |H| 2ΣΪ/2Κ J=K-l/2 I F=K> = 
Β
Σ
Κ(Κ+1) - ^ γ(Κ+1) +
 Tr_L_T[c-b(2K-l)] (2-9) 
< Σ*.2Κ J=K-l/2 I F=K |H| Σ*. К J=K+l/2 I F= 
< 2 ï l / 2 K J = K + 1 / 2 I F=K lul 2 ) :1/2 К J = K - 1 / 2 I F= K> 
<
2





1) + 1/2γΚ - 4 Î 2^ + l ) [c+b(2K+3)] (2-11) 






 2уК + 4 < 2 ^ + з ) [c+b(2K+3)] (2-12) 
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Fig. 2.2 The energy level structure of the Α τ , electronic 
ι / <¿ 
state of OH. 
The matrix element (2-7) gives a contribution to the energy of 
the F= K-l or F= K+l levels of a particular rotational state by a 
ΔΚ= ±2 interaction and will therefore have only a small influence 
on the level energy. The other off-diagonal matrix element (2-10), 
however, describes the interaction between two hyperfine levels 
of the same rho-doublet and can therefore have a substantial effect 
on the energies of the levels. Recent values for В and γ are 
reported by Destombes et al (DES 77a): В = 508.59(2) GHz and 
γ=6.81(2) GHz obtained from an extensive fit to existing data. 
German et al (GFR 73) report a somewhat higher value: γ=7.05 GHz. 
Measured values of the hyperfine coupling constants m the Α Σ , 
state are not reported in literature. From measurements on OD 
German et al estimated Δν„ = 227 MHz and 509 MHz for the J= 1/2 
— — HF 
and 3/2 levels, respectively, in the K= 1 state. 
2_ + 
A schematic view of the energy level structure in the Α Σ 1/2 
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state is shown in Fig. 2.2: the ordering of the hyperfine levels, 
shown here, is confirmed by a theoretical fit of the measured 
hyperfine splittings discussed in Chap. 5. Electric dipole transi­
tions are allowed between the Σ and F levels, according to the 
selection rules: 
uF=0,±l , F = 0-A 0 , A J = 0 , + 1 , parity + +->•- (2-13) 
Expressions for the dipole moment matrix elements for the 
2 + 2 
|A Σ , ,J'F'> •» |X Π ,JF> transitions are given by ter Meulen 
(MEU 76) together with an extensive list of spontaneous transition 
probabilities for these transitions. A survey of the values of 
the Einstein coefficients for spontaneous decay relevant to the 
astrophysical population transfer proces, with the exception of 
data on the UV transitions, is given by Destombes et al (DES 77). 
2.2 UV PUMPING IN INTERSTELLAR SPACE 
2.2.1 THE POPULATION TRANSFER MECHANISM 
A pumping mechanism based on the electronic excitation of 
OH by UV radiation near 308 nm was proposed by Litvak et al 
(LIT 66) to explain the anomalous features of Class I OH sources. 
In this mechanism the UV radiation excites the OH from the ground 
2 2 + 
Π . , v = 0 , J = 3/2 rotational level to the excited Α Σ . , v = 0 
state via six (if hyperfine splitting is neglected) rotational 
transitions obeying the selection rules uJ=0,±l and parity 
+ ++ -. As a result of the subsequent decay back to the ground 
state via electronic, vibrational and rotational transitions, the 
upper and lower Л-doublet levels are both populated, the amount 
depending on the number of intermediate levels involved in the 
cascade. The six excitation transitions can be divided into three 
groups: three strong transitions, two of them leaving from the 
upper A-doublet level and resulting in a net anti-inverting 
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action; one weak anti-inverting transition and a group of two 
inverting lines of intermediate strength, both leaving from the 
lower л-doublet level. Selective absorption in the interstellar OH 
cloud determines the net effect: at small optical depths UV radia­
tion at wavelengths corresponding to transitions of the first 
group is absorbed most strongly, resulting in a net anti-inverting 
effect. At intermediate optical depths, where the flux at wave­
lengths corresponding to the strong transitions is reduced to a 
negligible level, the last category dominates the population 
transfer proces giving an inversion of the population of the Λ-
doublet levels. At larger optical depths only the UV radiation at 
the frequency corresponding to the weakly absorbing transition is 
left which again results in anti-inversion. 
Litvak et al assumed the UV Doppler widths of the transi­
tions to be larger than the hyperfine splittings in order to 
neglect their effect. In this case only an inversion of the Λ-
doublet levels is obtained without any preference for a particular 
hyperfine state. As a consequence no anomalous intensity difference 
between the main line transitions (ΔΡ= 0) can be expected when 
microwave transitions across the A-doublet are neglected. This is 
in contradiction with the observed preference for the upper F= 1 
state as follows from the observed dominance of the 1665 MHz 
transition. If, however, the influence of these microwave transi­
tions is included, a reduction of the produced population inversion 
occurs, which will be different for the 1665 and 1667 MHz line 
due to a slightly different line strength. Also the microwave 
intensity at the two transitions will be different (see Sect. 6.1) 
resulting in a greater quenching at the stronger transition, which 
in most cases is the F = 2 •* 2 line at 1667 MHz. 
Turner (TUR 70) has shown that the inclusion of hyperfine 
structure, resulting in a total of 20 excitation transitions from 
2 Ti . , J=3/2, may strongly influence the population transfer 
proces, when partial overlap occurs between adjacent hyperfine 
transition profiles due to Doppler broadening. The total transition 
scheme then obeys the selection rules ΔΡ=0,+1 A J = 0 , ± 1 and 
parity + ·«•+-. A part of this total scheme including decay from 
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2 + the Α ς , hyperfine sublevéis is shown in Fig. 2.3. In the 
subsequent cascade down the Π . and Π,,- rotational ladders 
relaxation takes place to the initial states. At a temperature of 
0.1 К the UV Doppler width (full width at half maximum height) 
already exceeds the ground state hyperfine splitting. Using the 
values of German et al (GER 73) for the hyperfine splittings in 
the Α2λ|. , K= 1 state (227 and 509 MHz for the J= 1/2 and 3/2 
levels, respectively) this overlap would occur here at 1.7 К and 
8.6 K. The kinetic temperature of the OH formations is observed 
J=V ' 
Fig. 2.3 Sample part of the total transition scheme for UV 
2 + induced population transfer in OH: the A I . , K= 1 
2 
* Χ ,/,ι J= 3/2 transition. The rotational cascade 
2 
of the Χ Π levels is not shown. The numbers in the 
a 
transitions are the spontaneous transition probabili-
5 —1 ties in units of 10 s 
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to be in the range from 10 К to 200 К (TUR 70), which makes the 
2 + 
occurence of (partial) overlap in the Α Σ-/, state quite probable. 
Furthermore, Turner's results indicate that under certain conditions 
of temperature and optical depth the observed dominance of the 
1665 MHz transition can very well be explained by this effect. 
2 + Exact values for the hyperfine splittings in the A £ . state, 
however, were not available to Turner, whereas the balance between 
the gains of the F = 1 + 1 and F = 2 + 2 transitions turns out to 
depend quite strongly on the amount of overlap. 
2.2.2 THF, TRANSFER EQUATIONS 
The equilibrium population density N.(s) of molecular energy 
level i at position s, in the presence of UV radiation and inelas­
tic collisions between hydroxyl and surrounding molecules (primarily 
molecular hydrogen), is given by the well known rate equation for 
population transfer in a steady state: 
I A..N.(s) + У N.(s)W..(s) + У С..Ν.(s) 
j> i J 1 J jìi J J 1 jVi J 1 J 
-N.(s)[y A.. + l W..(s) + У С .j = 0 (2-14) 
Herein i and j run over all levels participating in the transfer 
2 2 2 + 
proces: in Χ Π ,„ up to J=9/2, in Χ π ,„ up to J=7/2, in Α Σ.,, 
up to K=3, J= 5/2 (microwave transitions across the A-doublets 
of the Π , and Π . states are left out of consideration in the 
one-dimensional model of the hydroxyl cloud used in this thesis); 
Α.. is the Einstein coefficient for spontaneous emission from level 
J1 
i to level i and C.. the collisional transition rate from ,i to i. 
The radiative transition rate W..(s) is given by: 
W..(s) = В.. ƒ g(v,v..)p (s)d\) (2-15) 
J1 ^ 0 J-1-y 
where В ..represents the Einstein coefficient for stimulated 
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emission (or absorption if j<i); g(v,v..) is the Doppler broadened 
line shape function of the transition j + i centered at frequency 
v.. = (E.-E.)/h (expressions for the Einstein coefficients and 
J1 J ι 
g(v,\). .) are given in Appendix l); ρ (s) represents the radiation 
density at position s and is related to the flux density F (s) 




ρ (s) = = - ƒ I (s)dn (2-16) 
V с c v 
where the integral is to be taken over the solid angle of the 
incident radiation. For transitions between hyperfine levels in 
the absence of external static fields the relation between the 
radiative deexcitation rate W..(s) and the excitation rate W..(s) 
of Eq. (2-15) is: 
g.W (s) = g.W.As) (2-17) 
Herein g is the degeneracy of level k. 
The normalization equation, necessary to make the system 
of equations (2-14) independent is given by the conservation of 
total population density N : 
I N¿(8) = N 0 H ; (2-18) 
i 
N is assumed to be constant throughout the hydroxyl cloud. 
The collisions introduced into the system (2-14) are 
defined such that, in the absence of any radiative proces, the 
final population densities will be thermally distributed. In this 
case the collisional excitation rate С.. is related to the deexci-
tation rate C.., where i designates the upper state, by: 
h\). ./kT 
g.С. . = g.C.e 1 J (2-19) 
ι ij J Ji 
Assuming all downward collisional transition rates between 
magnetic sublevéis to be equal to C, the collisional deexcitation 
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rate С. . becomes : 
ij 
С. . = g .С (2-20) 
Using Eq. (2-19,20) the rate С is shown to be related to the total 
transition rate C14_ = N|, <σν> out of level 1 (the lowest energy 




 = fe-7kT ( 2 - 2 1 > 
Л
 e i e 
ι>1 
Herein N represents the density of molecular hydrogen; ν is the 
"2 
(thermal) relative velocity of the hydroxyl radicals and σ the 
total inelastic collision cross section for transitions out of 
level 1 and induced by OH-H collisions. The average in Eq. (2-20) 
has to be taken over the velocity distribution of the hydroxyl 
radicals, which is assumed to be Maxwellian. As no information is 
available about the total collision cross section σ, we shall 
assume σ to be velocity independent and use Ν σ as a parameter in 
" 2 
the calculations. 
The differential equation describing the change of UV 
2 
intensity I (measured in W/m Hz Sr) under unsaturated conditions 
along the direction of propagation is deduced from conservation 
of energy: 
di (s) 
- ^ = - α (s)I (s) + ε (s) (2-22) 
U S V V V 
where α (s) and ε (s) represents, respectively, the total absorp-
v ν 
tion coefficient and source function at frequency \> ; in general 
both contain contributions from various transitions if overlap 
occurs due to Doppler broadening. In terms of the population 
densities N. of the levels involved, these contributions are 
1 
given by (Appendix 1): 
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О 
α (S) = Ι α («,8) = I jp В g(u,v ) [Ν (B)--¿ N (s)] 
J*1 J*1 (2-23) 
ε
υ
(3) = I e^U.s) = I ^ AijB ( x'' 4ij , Ni ( e ) ( 2 - 2 4 ) 
J<1 J^i 
Ilerein the upper level is designated by ι. In this derivation the 
spontaneous emission is considered to be isotropic. As can be seen 
from an inspection of a two level transition scheme (Appendix 1), 
the ratio ε/αϊ will be in the order of ΔΩ/4π, where ΔΩ is the 
solid angle of the incident radiation. Taking as UV source an 




a reasonable assumption (LIT 66), this ratio becomes ·ν10 indi­
cating that the emission term in Eq. (2-22) can be neglected. In 
this case the intensity is given by: 
s 
I (s) = I (0)ехр[-т (s)] = I (0)exp[- ƒ α (s)ds] (2-25) 
ν ν ν \> η 
where τ (s) represents the total optical depth at frequency υ and 
consists of contributions from several transitions via the total 
absorption coefficient given in Eq. (2-23). The excitation rate 
is then given by: 
F (0) » 
W (s) = В — ƒ g(\),\) )ехр[-т (s)]dv (2-26) 
J i J I C Q j l r L V J 
Herein F (0) represents the flux density incident on the hydroxyl 
formation and is taken equal for all UV transitions. Using 
Eq. (2-23,25,26) and assuming a Gaussian line shape the excitation 
rate W (s) at transition ι •* j and position s can be calculated 
once the population densities at s are known. Overlap between 
different UV transition profiles is included via the line-shape 
factors giv.v,.) (with ν,
η
 Φ ν ) , which are contained in the 
expression for the total optical depth τ (s). 
With the help of the relations given above the population 
transfer due to UV transitions and collisions is calculated. The 
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distance inside the OH formation relative to the front is measured 
in terms of the optical depth τ at line center of the A Z./„, K= 1, 
2 J = 3/2, F=2,+ * Χ Π . , J=3/2
>
 F=2,- transition at 307.934 nm 
and is determined under thermal equilibrium conditions and neglect 
of overlap with other transitions. The effect of population 
transfer on the microwave intensity is determined via a calculation 
of the relative gain factor G. . at the considered microwave 
1 J 
transition (the negative absorption coefficient at line center) 
given by: 
h vii 2 ln2 1 gi 
G. .(τ) = biß. . - І _ /( — ) -1- [Ν.(
τ
) - - Í N . ( T ) ] (2-27) 
IJ с ij Δν г Ν ι ι ßj J 
where N is the total OH density and is assumed to be constant 
throughout the cloud and i and j represents the upper and lower 
level, respectively, of the considered microwave transition. 
The population inversion ΔΝ. . is given by: 
N. M / g . - Ν (τ)/Ε. 
ΔΝ. . = 2 „ , • , J ι , , J (2-28) 
ij Ni(T)/gi + N.M/gT 
The iterative procedure used to calculate G and ΔΝ runs as follows: 
from the values obtained at smaller optical depths the 
population densities are linearly extrapolated to depth τ for 
each level. These values are then used to calculate the radiative 
transition rates W at τ, which, when inserted into (2-14), give 
corrections to the extrapolated densities. If necessary, this 
procedure is repeated until the corrections to be applied at depth 
—2 
τ are smaller than some predetermined value (typically 10 % ) . If 
so, the entire procedure is applied to the next optical depth. As 
starting values for N. at the front of the OH cloud the thermal 
population densities are used. In the one-dimensional model of 
the OH cloud, used in this thesis, population transfer due to 
microwave transitions across the A-doublets is not incorporated 
and back-scattered UV radiation is not taken into account .because 
the spontaneous emission is assumed to be negligible relative to 
the stimulated UV processes. 
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The approach followed by Turner (TUR 70) deviates from ours 
in a number of points: 
l.A rectangular line profile is used by Turner, rather than 
the Gaussian shape adopted in our calculations. 
2.The hyperfine splitting in the Σ state is probably deter­
mined from the first order perturbation theory using the 
hyperfine Hamiltonian H,- =bI.S with b= 1420Ç MHz and r the 
2 + 
unknown ratio of the hyperfine splitting in the Λ ς . , 
K= 0 state to the hyperfine splitting of the Η atom in its 
ground state (in Turner's calculations ς= 1/2 is assumed). 
If, in addition, the Doppler width in Turner's calculation 
is taken one half the value used in our calculations, the 
various hyperfine splittings in the Α Σ .. state start to 
overlap (Δν >Δυ ) at Τ/ξ2=267 for the K=0 state and at D Hr 
Τ/ζ2 = 119 and 96.3 for the upper rho-doublet levels of the 
K= 1,2 rotational states, respectively. For the lower rho-
doublet levels of the K= 1,2,3 states the results are Τ/ς2= 
29.7, 42.8 and 49.1, respectively. In his paper Turner 
gives for Τ/ς2 the values 29.7, 42.7, 54.1, 90.4, 119 and 
267 for successive overlap, but does not explain how these 
values were derived. 
If a rectangular line shape with the correct width at T=4.5 К is 
inserted into the present model, the results for the relative gain 
factors shown in Fig. 2.4 (without the effect of collisions) are 
obtained. At this temperature no overlap occurs between the various 
2 + transitions to different hyperfine levels in the Α Σ . state. 
The hyperfine splitting is determined according to Turner's method; 
the spontaneous transition probabilities are calculated from the 
expressions for the dipole moment matrix elements given by 
ter Meulen (MEU 76), assuming a value of f = 1.03x10 for the 
oscillator strength of the Σ,ν, = 0 ->· П, =0 band (DIM 79). For a 
2 + 
schematic view of the 20 hyperfine transitions to the A E. ,, s t a t e 
the reader is referred to Fig. 6.4. The results, obtained by 
Turner in this situation, are shown also in Fig. 2.4 assuming an 
OH density of 10 m (Turner gives the absolute gain factors of 
the four ground state microwave transitions) and reveal clear 
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UV OPTICAL DEPTH 
Fig. 2.4 The relative gain factors of the four ground state 
microwave transitions versus optical depth at Τ=4.5 К 
in the absence of collisions and according to the model 
of Turner (TUR 70) with a rectangular absorption line 
profile. The solid curves are the results of the presen 
investigation; the dashed curves represent Turner's 
calculations assuming N = 10 m 
OH 
discrepancies with our results, the most striking being the appa­
rent difference in optical depth scale and the dicrepancy in the 
values at τ = 0. Moreover, our result for the relative gain factor 
at 1665 MHz appears to be somewhat less favorable than that of 
Turner. Similar differences, especially the optical depth scale 
and the relative magnitude of the result at 1665 MHz, are also 
observed at higher temperatures, where overlap between UV tran­
sitions to different hyperfine levels in the Α Σ , state is not 
negligible. No definite causes for these discrepancies could be 
found, however, because of various uncertainties in Turner's model 
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-The results obtained by Turner at τ = 0 are constant through­
out the various regions of T/r2. Because the gain factors 
at τ= 0 are temperature dependent through the linewidth, 
this constancy suggests that his results are probably ob­
tained at a fixed temperature, which, however, would be in 
contradiction with his statement: ç - /Ç. 
-In earlier work (TUR 67) the values of the Einstein A 
coefficients for various transitions are not correct. It is, 
however, not clear whether these errors are also present in 
later work (TUR 70). 
-From the information supplied with his results no definite 
identification of the transitions determining the optical 
depth scale is possible, whereas also a difference in line-
width seems to be present in Turner's model. 
-The model for population transfer by collisions with hydro-
gen and electrons, results of which are included in the 
paper, is not specified. 
If the observer's line of sight is perpendicular to the UV 
pumping direction, the observed microwave radiation in each of the 
four transitions will mainly come from the region with maximum 
gain factor. In this situation, the dominance of the 1665 MHz 
emission in the observations cannot be explained. In the parallel 
pumping geometry the gain at 1665 MHz only exceeds the value at 
1667 MHz for τ > 10. The 1720 MHz emission, however, should be of 
comparable magnitude, which is never observed in reality. Results 
of extensive calculations using a Gaussian line shape and the 
exact hyperfine structure will be presented in Chap. 6. 
2.3 THE REQUIRED UV SOURCE 
From the estimated values of the hyperfine splittings of 
the A zt, , K=l, J=l/2, and J=3/2 states, being 227 MHz and 
1/ ώ 
509 MHz, respectively (GER 73), it is clear that the bandwidth 
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of the UV radiation should be lower than 100 MHz if the splittings 
are to be resolved. Moreover, the source should be tunable over 
the region 305-309 nm where the most interesting transitions to 
the Α Σ.,„ state are situated (MEU 74). If a single mode laser 
source is used to generate the UV, the radiation bandwidth is 
generally determined by the frequency jitter of the laser mode 
-4 -6 during times in the order of 10 -10 s, the time of flight of 
the OH radicals through the interaction region. As shown by 
Hemminger et al (НЕМ 77) the effective linewidth of a single mode 
dye laser is then in the order of 50 kHz. The bandwidth requirement 
given above is met if the center frequency drift can be kept below 
100 MHz during the measuring time of approximately 1 h, which 
requires active stabilization of the laser frequency. 
The required intensity of the UV radiation source is deter­
mined from the change in population density of the ground state 
hyperfine levels, which has to be generated to produce a detectable 
effect on the intensity of the microwave transitions. For this 
purpose a three-level proces is investigated: population is trans-
2 2 + 
ferred from state |1> in Χ η . to state |2> in A Z./9 by UV 
excitation and is followed by a decay of |2>, which also transfers 
2 
via spontaneous emission population to a state |3> in X ІЦ,.. 
These transfer effects are then measured by monitoring the popula­
tion of states |1> and |3>. A quantum mechanical description of 
such a three-level proces, analogous to the Rabi theory for a two-
level system, is very complicated because of the presence of spon­
taneous decay. The spontaneous emission contributes to the popu­
lation transfer both by offering different pathways for the decay 
and by determining the width of the excited state, and thereby 
the excitation efficiency. The equivalence between the Einstein 
and Rabi approaches to the problem of interaction between a single 
mode radiation field and a two-level atomic system will be 
demonstrated for small excitation rates. This justifies the use 
of the semi-classical Einstein theory, which also takes into 
account population transfer by spontaneous processes, to the 
three-level system in the case of small excitation efficiencies. 
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In the Rabi approach all levels involved are assumed to have 
infinite lifetime when no radiative excitation is applied. The 
2 
probability |c (t)| for finding the atomic system in the upper 
state, due to excitation by a radiation field Ecosdot) and assuming 
2 |c (0)| = 1, is given by the well-known expression: 
2 
| C 2 ( t ) |2 = S. 2 ! з і п 2^[< ш-< 2 + "2]^} (2-29) 
(ω-ω ) + Ω 
Herein ш represents the atomic transition frequency and Ω the 
strength of the interaction: 
Ω
2
 = |î12.Ê|2/ft2 = 4B12I/c (2-30) 
• * . 
where μ is the matrix element of the dipole moment operator 
between the initial and final states and I represents the intensity 
2 
of the radiation field related to E by I = í^e cE . The horizontal 
bar in Eq. (2-30) denotes averaging over the orientation of μ 
(assumed to have an isotropic distribution of direction) with 
respect to E. In practise, however, the upper level will have a 
spectral width Δω
η
. This is incorporated by integration of 
Eq. (2-29) over the line shape g((i> ,ω ) of the upper level, which 
is essentially Lorentzian with center frequency ω and width Δω.: 
« sin {\t\(ω-ω ) + fi ]2} 
with 
|c2(t)|2 = Ω 2 ƒ ^ β(ω1,ω0)αω1(2-31) 








 = : -г — — 2 ( 2 - 3 1 а ) 
(ω -ω ) + (/4Δω0) 
If the width Δ
ω
 of the upper level is much larger than the line-
width given by the finite time of flight t through the UV inter­
action region, the variation of £(ω ,ω ) is slow compared to the 
remainder of the integrand and may therefore be fixed at (/гДш ) 
0 
in case of resonant excitation (ω=ω ). Numerical evaluation of 
the integral in Eq. (2-31) for various values of В = Ü^fit under the 
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2 
condition Δω t »1 then shows that |c (t)| is very well approxi­
mated by: 
2. 2, 
c„(t) = -*• (2-32) 
1
 2 ' Δω β θ<<1 Δω 
where the limit is valid for low excitation rates (not for small 
t because of the requirement Δω t>>l). In the Einstein theory this 
result should be compared to the case, where the upper level has 
spectral width Δω
η
 and population transfer to the lower level by 
spontaneous emission is negligible. For low excitation efficiencies 
W t the fraction |с (t)|2 of population in the upper level at 
time t is given: 
4B, It 
! S ( t ) | 2 = w^t = -тіг— (2-33> 
2 12 ο ΰ ω η 
where Eq. (2-15,16) are used in the last step and the bandwidth 
of the single mode radiation field is assumed to be much smaller 
than the width Δω- of the Lorentzian profile of the molecular 
absorption line. From this and Eq. (2-30) it is clear that in a 
two-level system, neglecting population transfer due to sponta­
neous processes, both the Einstein and Rabi approaches produce 
identical results in the case of low excitation rates. We will 
therefore assume the Einstein theory to be adequate also for the 
three-level proces, provided the excitation rates in the UV beam 
remain low. 
The required intensity of the UV radiation is determined 
by calculating the change in flow of molecules in a certain state 
through the microwave cavity as a result of the UV excitation. 
This change is then compared with the minimum value required for 
observable effects on the microwave intensity. Within times of 
_3 
interest in the beam maser (t< 10 s) only the electronic decay 
in OH is sufficiently fast to be taken into account. At the entry 
of the microwave cavity the population present in state |2> at 
the exit of the radiation zone has totally decayed due to the 
relatively large distance of approximately 40 cm between the 
cavity and the radiation zone. The decay of state |2> not only 
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transfers population to |3> but also to various other states 
(designated by 1=4,5,...) in the way described in Appendix 3. 
These alternative decay routes from state |2> have to be taken into 
account to detemme the required UV intensity. According to the 
Einstein theory for such a multi-level system, discussed in 
Appendix 3, the UV induced relative changes R , given by Fq.(A3-9), 
and R in population density of states |1> and |i> (i> 3) res-
pectively, at the entrance of the microwave cavity are related by 
Eq. (A3-11), which in the case of a Maxwellian population distri-
bution without UV excitation reads: 
Rl glA2i 
ñ\ = -
 g j l - A21) exPi-hv^/kT) (2-34) 
Herein g and g are the degeneracies of states |1> and |i>. 
However, due to the divergence о of the molecular beam, assumed 
m 
to have uniform velocity v, the UV excitation rate W changes 
considerably across the OH beam profile due to a Doppler shift 
of the absorption line center frequency. Assuming a Lorentzian 
absorption profile of full width Δυ, the excitation rate W (e) 
of molecules emerging from the source at an angle θ relative to 
the OH beam axis, is given by: 
2B Ι ν -ν(θ) 
Wie) = — ¥ - I [1+ ( - ^ ) ] іг-ъь) 
12 тісД %Δ\> 
with ν(θ)=ν„(1 sin(6) ) the Doppler shifted frequency of the 
O c 
absorption line and \> the frequency of the narrow band UV source 
(Δν.<<Δ\)). To obtain the relative change in total flow Φ of 
molecules in state |i>, passing through the microwave cavity, the 
contributions of individual parts of the molecular beam have to 
be averaged, yielding: 
tano 
AM л m 
-T"2t^r ! ν* 1 2(θ)) dítane) ^ 2 (2-36) 
-tane 
m 
Here D and H (<<D) represent the thickness of the molecular and 
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UV beams, respectively, at the interaction region; the factor — 
represents the fraction of molecules in the Oil beam, that is 
irradiated by the square UV beam. 
To determine the required UV intensity we consider the three-level 
system: Χ Π . ,J=3/2,F=2,- + A L* ,J=3/2,F=2,+ - Χ Π , ,J=ñ/2, 
1
 5 -1 ' 5 -1 ' 5 -1 
F=3,- where A=14.33x10 s , Λ =3.65x10 s , A =5.33x10 s 
17 3 -1 -2 
and В =6.41x10 m J s . If we assume the minimum detectable 
relative flow changes by the microwave spectrometer to be about 
1x10 ' for both Π , levels (which is obtainable by long time 
' 2 
integration techniques), a parallel UV beam of 1x1 mm cross 
section, ν =9.7x10 Hz, v=717 m/s, D = 5 mm and θ =1.5° then 
о m 
the minimum required UV powers are about 0.3 mW and 1 nW for 
2 
detection of effects on the Π ,„ , J = 3/2 ,F = 2 ->• 2 and J =5/2, 
F = 3 -<• 3 microwave transitions, respectively .produced in a single 
traversal of the molecules through the UV beam. At 0.3 mW UV, 
however, the excitation efficiency W (0)T= 1.2 in the center of 
the OH beam, indicating that saturation effects will occur. In this 
region the theory presented above is no longer applicable and the 
population transfer will decrease. A more effective use of the 
available UV power is application of a reflection system such that 
different sections of the OH beam are excited in each passage 
through the UV beam. This is accomplished by a slight tilt of the 
mirrors of the reflection system (Chap. 4 ) . At a UV power of 0.1 mW 
a minimum of 10 reflections is then necessary to produce a detec­
table effect on the J= 5/2 microwave transition. The application 
of highly reflective dielectric coatings on the mirrors make a 
number of more than 50 reflections possible. From these figures 
we conclude to a required UV power of at least 0.1 mW single mode 
(depending on the quality of the reflection system) if population 
transfer effects to other rotational states are to be investigated. 
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CHAPTER 3 
THE UV SOURCE 
3.1 SECOND HARMONIC GENERATION 
3.1.1 THEORY 
The UV radiation necessary in the hyperfine and population 
transfer experiments is produced by second harmonic generation 
(SHG) of visible dye laser radiation in a nonlinear crystal placed 
inside the laser cavity. This method can provide both the desired 
tunability and high spectral power density if the laser is opera­
ting in one single longitudinal mode of the cavity. 
The SHG is performed in a uniaxial nonlinear crystal 
belonging to the symmetry class 42m and having negative birefrin­
gence. In these media the refractive index η ,(ω,θ) for the 
ora 
ordinary ray at angular frequency ш , polarized perpendicularly 
to the plane defined by the optic axis (OA) and the wave vector k, 
is independent of direction and equal to η (ω) (Fig. 3.1). The 
refractive index for the extra—ordinary ray η .(ω,θ), polarized 
in the plane through к and OA, in the direction θ relative to the 
optic axis is given by the relation (YAR 75): 
—2 —2 2 —2 2 
η ,(ω,θ) = η (D)COS θ + η (ii))sin θ (3-1) 
ext ο e 
where η (ω) represents the index of the extra-ordinary ray in a 
direction normal to the optic axis of the medium; in negative uni­
axial crystals η (ω) < η (ω). Contrary to the ordinary ray the 
directions of phase propagation к and energy flow S of the extra­
ordinary ray are not parallel (BOR 59). The angle ρ between these 
directions, referred to as the double refraction angle, is given 
by: 
η (ω) - η (ω) 
tanp = £ 2 " 2~ а п е (3-2) 
η (ω) + η (ω)tan θ 
e ο 
Optimum conversion efficiency in a collinear SHG proces is 
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Fig. 3.1 The index surfaces in negative uniaxial nonlinear 
crystals at the fundamental and second harmonic frequen­
cies. The phase-matching angle θ relative to the optic 
axis (OA) and the double refraction angle ρ between the 
wave vector к and the Poynting vector S at the second 
harmonic frequency are indicated. 
expected when, in the direction Θ, the momentum mismatch uk = 
2к(ш) - к(2ш) between the incident (fundamental) wave, having 
momentum k(u), and the generated second harmonic wave, at momentum 
k(2(i))t vanishes. This occurs only, if the corresponding refractive 
indices for phase propagation in the direction θ are equal. Due 
to the fact that dn/d\ < 0 for all transparent media, this require­
ment is only met, if the fundamental and second harmonic waves 
have orthogonal polarizations, the fundamental being the ordinary 
wave in negative uniaxial crystals as illustrated in Fig. 3.1. 
The type of phase matching in which an ordinary fundamental wave 
interacts with itself to produce an extra-ordinary second harmonic 
output is called type I phase matching. The angle θ at which Дк 
vanishes follows from Eq. (3-1): 
П
е
( 2 ш )
 ,2 2,, r Sin θ = I 1 г 
m
 L
 η ( ω ) 
о 
2 2 
η (2ω) - η (ω) 
ο ο 
2 2 




Destructive interference of the produced UV due to the double 
refraction severely limits the efficiency of the SHG proces by 
restricting the contributing part of the crystal to a fraction of 
its length. Optimum efficiency of the SHG proces occurs when phase 
matching is achieved in a direction perpendicular to the optic axis 
(θ =90°, ρ=0). This situation, employed in our experiment, is cai­
rn 
led noncritical or 90° phase matching, because the orientation of 
the crystal relative to the fundamental beam is not critical, since 
the index surfaces of both beams are just tangential. Temperature 
tuning of the crystal has to be employed to obtain phase matching 
(Дк=0) in this situation. Curves of the fundamental wavelength 
λ versus noncritical phase-matching temperature are shown in 
nc 
Fig. 3.2 for various uniaxial crystals (QTL 74). The slopes of 
these curves are given by the relation: 
dX iL [η (λ ) - η {%λ )¡ 
nc _ _ dT ί о ne e nc J г ч_/М 
dT " dn dn 1 ' 
αλ λ αλ λ 
ne ne fundamental wavelength [ п т ] ^ 
-100 -80 -60 -40 -20 0 20 40 60 Θ0 100 120 
t r a 
Fig. 3.2 The fundamental wavelength at noncritical phase 
matching versus operating temperature for various 
crystals of symmetry class 42m. 
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The nominator of the righthand side is henceforth called the tem­
perature coefficient of birefringence. For most crystals of 42m 
symmetry refractive index information is available in the visible 
range. In the UV region, however, hardly any good data are known, 
with the exception of KDP and ADP, for which dispersion relations 
are given by Zernicke (ZER 64) in the region 0.2-1.5 μ. Table 3.1 
summarizes properties of some nonlinear uniaxial crystals of class 
42m showing negative birefringence. Because of the lack of UV da­
ta, needed to evaluate the phase-matching and double refraction 
parameters, only references to index data are listed. 
Due to a nonlinear susceptibility in the medium the polari­
zation, induced by the electric field of the fundamental light 
wave, contains a contribution Ρ at 2ω given by (MID 65): 
PQH(2u) = ε Λ J d. (2ω,ω,ω)Ε.(ω)Ε (ω) (3-5) 
ьн о. k IJK J к 
where d. ., represents a component of the tensor d of rank 3 des-ijk 
cribing the nonlinear susceptibility of the medium and E . (ω ) is 
the j-th component of the fundamental electric field in the crys-
tallographic system of axes. In uniaxial crystals the optic axis 
coincides with the Z-axis of this system. The shape of the tensor 
d is determined by symmetry conditions. In case of uniaxial crys­
tals of class 42m the d tensor can be contracted into a 3x6 matrix 
representation, in which only the elements d and ^ =d are 
non-zero (MID 65). Values of d,., relative to KDP (KH„P0„), for 
3b 2 4 
various crystals of this class, are given in Table 3.1. To convert 
— 13 1 ) to absolute quantities d_.(KDP)=4.7(3)xlO m/V should be used 36 
(SIN 71). Only the component of Ρ parallel to the electric field 
Ьп 
of the second harmonic wave contributes to a growing wave (MIE 76). 
This permits the definition of an effective nonlinear susceptibi­
lity d „„ by the relation: 
1. To convert from CGS to SI units, the former are to be multi-
4 π 4 plied by —xlO . This applies only when d, in the SI system, is 
defined by Eq. (3-5), which differs from the definition of 
Yariv (YAR 75). 
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SH ^cAff* 2 ^ (3-6) 
where only scalar magnitudes of vectors are used; Ρ represents 
the contributing part of the induced second order polarization 
and, for a type I SHG proces in negative uniaxial crystals, d _„ 
is given by the expression: 
eff d sin( θ + ρ )sin2ij> 3b (3-7) 
Herein ρ represents the double refraction angle at the second har­
monic frequency; the angles (θ,φ) are the polar angles of the wave 
vector Ε(ω) of the fundamental beam inside the medium in the crys-
tallographic system of axes as shown in Fig. 3.3. Equation (3-7) 
differs from the expression given by Midwinter and Warner (MID 65) 
in the occurrence of the double refraction angle p, which in 
i Ζ (optic axis) 
Fig. 3.3 The ordinary and extra-ordinary rays in the crystallo-
graphic system of axes (Χ,Υ,Ζ). Note that Ε , 
situated in the plane through к and the optic axis, is 
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Notes: 1) value measured by the author. 
2) according to ADH 74. 
3) according to NIK 77. 
4) relative to KDP and according to ZER 73. 
5) typical values in the visible-
6) dispersion given in reference. 
7) probably the value of KDP is used. 
Table 3.1 Characteristics of frequency doubling crystals of symmetry class 42m transparent in the UV. 
practise, however, produces only a slight difference due to the 
small value of ρ (typically in the order of I o). To obtain a maxi­
mum d __ in a noncritical phase-matching arrangement (θ=90ο) at 
normal incidence, Eq. (3-7) shows, that the laboratory crystal is 
to be cut such that the entrance face is parallel to the optic 
axis (then θ=8 =90° and p=0), whereas its normal is directed at an 
m 
angle of 45° with both the crystallographic X and Y axes (φ=450), 
as is evident from the required direction of Μω) in Fig. 3.3. The 
crystals used in the present investigation are cut according to 
this prescription. 
The type I phase-matching proces has been studied theoreti­
cally by several authors (KLE 62, KLE 66, BOY 65, BJO 66, ARM 62). 
Boyd et al^  (BOY 68) presented a powerful theory, including effects 
of double refraction, absorption, focusing and phase mismatch for 
the case of a fundamental beam of ТЕМ transverse mode structure, 
oo 
which has a Gaussian distribution of electric field strength over 
the beam profile (KOG 71). Assuming no depletion of the fundamen­
tal beam energy by the SHG proces and a negligible thermal in­
fluence of crystal absorptions, Boyd et al^  derive the following 
expression for the second harmonic power efficiency γ: 
2 
ρ, . „ ω d „„kL exp(-aL) 
Ρ(2ω) 2 eff "_ , , . , „> 
γ = £ = ^ — -j g h(cr,B,Ç) (3-8) 
Р(ш) о с п .(2ω,θ )п (ω) 
ext m о 
where Ρ(ω) and Ρ(2ω) represents power at the fundamental and 
second harmonic frequencies, respectively; к is the magnitude of 
the wave vector inside the crystal at the fundamental frequency, 
L is the crystal length and α gives the combined power absorption 
by the crystal of the fundamental and second harmonic beams and 
is given by ο = α(ω) + /^α(2ω); all quantities are given in SI 
units. The influence of focusing, double refraction and phase 
matching is incorporated in the function h via the parameters σ, 
В and ζ given by the relations: 
46 
σ = ^ Ьйк 
В = W(kl.) (3-9) 
ζ = L/b 
where b represents the confocal parameter of the focused fundamen­
tal beam having a Gaussian geometry (see Appendix 2). Optimization 
of Μσ,Β,ξ) with respect to phase matching σ delivers the function 
h (Β,ξ) = Η(σ ,,Β,ζ) with σ .=0.57 (BOY 68). Plots of h (Β,ζ) 
m opt opt m 
are given by Boyd et al. Their results show that optimum conver­
sion efficiency is obtained at ξ=2.84 in a noncritical phase-
matching setup (B=0), yielding for h the value 1.068. Substitu­
tion of typical values for the various parameters (L=3 cm, a=0, 
η ,(2ω,θ )=n (u)=1.6, ω=3.1χ1015, d „.(ADA)=5.2xlO"13 m/V, 
ext m o eff 
h =1.068) into expression (3-8) yields in this optimum situation 
m
 _4 _i 
γ=9χ10 W . This value agrees roughly with our measured value 
—4 —1 
of 5.5x10 W under slightly less ideal circumstances (h =0.75, 
m 
when using a f=5 cm lens for focusing). 
The focal length f of a lens used to focus the beam into 
the crystal is inversely proportional to ζ г as is evident from 
(3-9) and the relation (A2-7) given in Appendix 2. The plots of h 
provided by Boyd et al show, that a reduction of γ by 50% is ob­
tained from a change in ζ by approximately a factor of four with 
respect to the optimum value of 2.84, which corresponds to a varia­
tion in f by a factor of two. The accuracy of the value of f is 
therefore not critical. Neither is the position of the focus: at 
the crystal surfaces the reduction is 47% relative to the maximum 
value of γ, which occurs in the center of the crystal. 
Under conditions of optimum focusing (Ç=2.84), negligible 
double refraction (a noncritical phase matching' set-up) and nearly 
optimum phase matching (σ=σ ,) the relative change ε in the con­
version efficiency, defined by ε(σ) = -1 + γ(σ)/γ(σ , ) , is 
opt 
approximated by the relation: 
Ιε(σ)I = 1.91(σ-σ , ) 2 (3-10) 
opt 
if only terms up to second order in Taylors expansion of Μσ,Β,ξ) 
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are retained. The results of Boyd et al show (3-10) to be valid 
even at ε=0.5. Using the definition of σ, given in Eq. (3-9), the 
permissible deviation, as a function of ε, from the optimum crystal 
temperature Τ . is determined: 
λ dn dn 
i T - T o p t i = 0 · 3 3 Γ"ε к d ì 2 )
λ
 - < a r >jsx ι ^-11) 
r
 о о 
where λ represents the wavelength in vacuo of the phase-matched 
fundamental radiation. In case of a 3 cm long ADA crystal, phase 
matched at 616 nm, a thermal bandwidth of 0.03 С is obtained for a 
50% reduction of efficiency. To obtain this stability a double oven 
system, surrounding the crystal is required. 
The permissible frequency deviation from the optimum value 
υ , at a given temperature, is derived similarly: 
/ dn dn , ,_ „
rt ч 
Φ - ^ г ^ і г \ -*<;пг>*х Γ1 ( 3 " 1 2 ) 
о о о 
In case of а 3 cm long ADA crystal, phase matched at 616 nm, we 
measured a value of Δν=25(5) GHz for e=0.5, from which, using 
Eq. (3-4,3-12) and Fig. 3.2, the temperature coefficient of bire­
fringence is calculated yielding the value 6.7(1.5)xl0 ' Κ , 
which is shown in Table 3.1. This result does not agree with the 
value of 4x10 К used by Ferguson and Dunn (FER 77), who pro­
bably have applied the known coefficient of ADP because of lack 
of data for ADA. The measured value of 25 GHz for the frequency 
tolerance Δν is not restrictive in the experiment, because no 
frequency scans larger than 10 GHz are made, which removes the 
necessity to vary the crystal temperature during scanning. 
Effects of crystal absorption, resulting in a local heating 
and consequently in a thermally induced phase mismatch in the 
medium, are discussed by Okada and leiri (OKA 71a,b). Their re­
sults apply only to the situation of weak focusing (ς<<1) as is 
concluded from a comparison between the phase-matching properties 
of the SHG proces at p=0 given by Boyd et al (BOY 68) and the 
expression used by Okada and leiri. It is shown in the next 
section that these thermal effects determine the optimum length 
48 
of the nonlinear crystal in an intra-cavity frequency doubling 
set-up. Table 3.1 also shows typical values of the absorption coef­
ficients in the visible region. 
Higher order transverse mode structures of the fundamental 
beam result in a reduced conversion efficiency, when averaged over 
the beam cross section: for а ТЕМ mode the reduction is 21 %, 
whereas а ТЕМ mode is on the average 49 % less effective (ASH 63). 
In the dye laser used in our set-up a pure ТЕМ mode structure is 
hard to achieve, probably because of inhomogeneities and thermal 
effects in the dye medium. 
In our experiment SHG in a 3 cm long ADA crystal in a non-
critical phase-matching set-up at nearly optimum focusing is used 
to generate the required UV radiation between 307 and 309 nm. The 
required temperature is then in the range of 100-115 0C, depending 
on the UV transition to be excited. Experiments performed on D-KDA, 
which can be 90° phase matched at 60 0C and 616 nm, proved it to 
be less efficient than ADA and is therefore not used in our situa­
tion. Fröhlich et al (FRO 76) report a conversion efficiency for 
-4 -1 
a 3 cm long ADA crystal of 5x10 W in our wavelength range, 
which agrees with our observations. In extra-cavity experiments 
the maximum observed UV power was approximately 2.5 yW at 308 nm 
using a stable single mode fundamental input power of 70 mW. 
Because the laser output power can hardly be increased beyond 
this value under stable operating conditions, the UV power re-
quirement, given in Chap. 2, can not be met with this technique. 
Fröhlich et al (FRO 76), however, obtain several milliwatts of 
single mode UV radiation by inserting the ADA crystal into the 
dye laser cavity and taking advantage of substantially higher 
fundamental power levels inside the cavity. If the insertion loss 
of a nonlinear crystal into the laser cavity can be kept small 
with respect to the round-trip loss of the laser cavity without 
the frequency doubling unit, the amount of UV produced in an 
intra-cavity SHG set-up is expected to increase significantly with 
respect to extra-cavity experiments. 
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3.1.2 INTRA-CAVITY SHG 
The fundamental radiation field inside the laser cavity 
consists of two counter propagating beams, both generating a second 
harmonic wave inside the doubling crystal. Because the nonlinear 
polarization is generated by the total electric field at the fun-
damental frequency, a third contribution to the produced second 
harmonic field exists due to the interaction of the two counter 
propagating waves. A straightforward calculation of the induced 
polarization, using Eq. (3-6) and taking into account the fixed 
phase relation between the two fundamental beams, shows this con-
tribution to consist of two components: a time independent and a 
position independent part, both unable to produce an energy flow. 
The UV radiation produced intra-cavity is, therefore, the sum of 
two separate contributions arising from the two counter propaga-
ting fundamental waves in the way described in the previous 
section. Confining the attention to the one-way proces, the amount 
of second harmonic generated can be determined provided the one-
way fundamental power is known. The latter in turn depends on the 
amount of UV produced, because the SHG proces acts as a nonlinear 
loss mechanism, which has to be added to the round-trip losses of 
the laser cavity. A general expression for the UV production in 
an intra-cavity SHG set-up, taking into account the various loss 
processes, has been given by Fröhlich et al^  (FRO 76), which in 
practical situation reduces to: 
2 
P(2U) = 2_ϊ (Ρ - Ρ ) 2 (3-13) 
.2 ρ tn 
Herein Ρ(2ω) is the one-way generated UV power, Ρ represents the 
pump power for the dye medium, whereas P., is the threshold pump 
power for laser action. The quantity i represents the round-trip 
losses of the laser cavity excluding the SHG loss, and a contains 
various dye and cavity parameters; α can be determined from 
measurements of P., and the fundamental laser power in the way 
described by Fröhlich et al. Inspection of Eq. (3-13) learns, 
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that the round-trip loss I of the dye laser cavity should be kept 
to an absolute minimum to obtain high second harmonic powers: 
_2 
Ρ(2ω) depends stronger on ί than via г. due to the linear depen­
dence of Ρ , on the round-trip loss. Inserting typical values for 
a Rhodamine В dye laser with an intra-cavity nonlinear crystal 
(α=0.2, γ=5χ10-4 W - 1, 11=0.2, Ρ ,=1.5 W, Ρ =4 W) yields 3 mW for 
the one-way generated UV power, which is roughly a factor of three 
higher than observed. 
Effects of crystal absorption at the fundamental frequency, 
resulting in increased losses and a thermal phase mismatch in the 
crystal, determine the optimum crystal length. Ferguson and Dunn 
(FER 77) studied the influence of these effects on the amount of 
second harmonic produced in an ADA crystal placed inside the ca­
vity of a Rhodamine 6G dye laser and provide curves to determine 
the optimal length for various values of crystal absorption and 
round-trip loss. The measured absorption coefficient of the vari­
ous ADA crystals used in our set-up varied between 0.005 cm 
and 0.006 cm , which then gives an optimum length of 3 cm at 4 W 
pump power and 20 % round-trip loss, if the parameters applicable 
to a Rhodamine В dye medium do not differ much from their Rhoda­
mine 6G equivalents. The dependence of the second harmonic power 
on crystal length, taking into account both absorption and phase-
mismatch effects, is weak at the present values of the fundamental 
power. We repeated the calculations of these absorptive effects 
using a temperature coefficient of birefringence equal to 
—5 —1 —5 —1 
6.7x10 К , instead of the value 4x10 К used by Ferguson 
and Dunn, and obtained approximately the same result: a very flat 
optimum at a crystal length of 2 cm. With help of the result of 
Okada and leiri (OKA 71a) we have calculated the reduction of the 
SHG conversion efficiency due to the crystal absorption and ob­
tained a value of about 20 % for the total two-way fundamental 
intra-cavity power of 2 W, applicable to the situation in our 
laser system. Deviations from the values given above may occur 
in the actual situation, where optimum focusing is employed in 
the SHG proces, because the result of Okada and leiri is apparent­
ly derived under the assumption of weak focusing. These and other 
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problems, such as thermal defocusing effects on the fundamental 
beam, make a good estimate of the amount of second harmonic, pro­
duced in an intra-cavity SHG set-up, more complicated. 
-4 -1 Assuming a realistic conversion efficiency of 5x10 W 
(FRO 76) the round-trip loss induced by the energy conversion is 
at most in the order of 1% for fundamental power levels of several 
Watts, if thermal effects are neglected. Compared to the 20% round-
trip loss of the cavity set-up this contribution is negligible and 
and depletion of the fundamental intra-cavity power due to the 
second harmonic production can be neglected. 
3.2 THE FREQUENCY DOUBLED DYE LASER 
The UV source consists of a CW dye laser of the standing 
wave type, with a nonlinear crystal placed inside the cavity to 
produce the second harmonic. The dye laser is pumped by a high 
power argon-ion laser (Spectra Physics, model 171-03) at 514.5 nm. 
The optimum pump power to the dye medium, which consists of a 
2x10 molar solution of Rhodamine В in ethylene glycol, was found 
to be approximately 4 W. At higher power levels the cavity losses 
are increased due to thermal lensing effects in the dye medium 
(WEL 75, TES 76), resulting in a reduction of the dye laser inten­
sity. Attempts to reduce these effects by the use of an aequeous 
solution of Rhodamine B, as suggested by several authors (LEU 76, 
FRO 76), including a viscosity raising additive (Mowiol 88, manu­
factured by Hoechst), were not succesfull, because the higher dye 
flow speeds required could not be achieved with the present dye 
circulator. 
The dye laser set-up itself is a modified version of the 
jet stream dye laser system, model 580 A, manufactured by Spectra 
Physics. The modification consists of an enlargement of the laser 
cavity in order to provide space for the ADA crystal with surroun­
ding oven system. For this purpose, a new base was constructed, 
which is much more massive than the original one resulting in a 
reduced sensitivity to vibrations. In addition, both the argon-ion 
and dye lasers are placed on a table top, having an internal 
honeycomb structure to absorb vibrations (NRC, model K-410 A). 
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1. pump beam 5. dye jet 9. fine tuning étalon 13. crystal 
2. input mirror 6. collimating mirror 10. tuning wedge 14. output mirror 
3. end mirror 7. dye laser beam 11. lens 15. UV beam 
4. dye nozzle 8. narrow band étalon 12. crystal oven 
Fig. 3.4 A schematic view of the intra-cavity frequency doubled dye laser system. 
Drift of the frequency of the dye laser radiation, due to thermal 
expansion of the laser cavity, is minimized by the application of 
quartz rods as spacers between the mounting plates of the various 
mirrors. In principle, also the lens, used to focus the dye laser 
beam into the nonlinear crystal, should be mounted in this v*ay. 
However, no problems were encountered when the lens holder was 
rigidly mounted to the base. A schematic view of the laser system 
is shown in Fig. 3.4. Several components of this system are dis-
cussed below shortly. 
The input head (consisting of the dye nozzle, the end mirror 
and the collimating and input mirrors) is that of the original dye 
laser system. No modifications are introduced in this section. All 
mirrors have a radius of curvature equal to 50 mm. The input mirror 
focuses the punp beam onto the dye jet, which is oositioned at 
Brewster angle relative to the intra-cavity beam of the dye laser 
to minimize reflection losses at the surfaces of the jet. The 
cavity itself has a folded structure, the folding angle being 
chosen such that the astigmatism, introduced by the off-axis inci-
dence of the dye laser beam on the collimating mirror, is compen-
sated by the dye jet (KOG 72). 
The tuning wedge, fine-tuning étalon and narrow band étalon 
are plane-parallel étalons of the Fabry-Perot type and are used 
for wavelength and longitudinal mode selection. The tuning wedge, 
placed at Brewster angle, is a low finesse, extremely thin, wedge 
shaped étalon having a free spectral range (FSR) of approximately 
85 TIIz according to the specifications. The fine-tuning étalon, 
consisting of a 30% reflective coated glass plate, has a FSR of 
900 GHz and a finesse F=2, whereas the values for the piezo-
electncally tunable narrow band étalon are measured to be 
FSR-90 GHz and F~12. The latter étalon is actively temperature 
stabilized to reduce thermal drift of its transmission curve. When 
superimposed correctly, the transmission characteristics of the 
three étalons allow only a single longitudinal cavity mode to 
have enough gain for laser oscillation. This situation is called 
single mode operation. The distance between adjacent cavity modes 
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is measured to be 314.0(1.3) MHz in the visible, which corresponds 
to an effective cavity length of 0.477(2) m, when all required 
components are inserted into the laser cavity, including the fre­
quency doubling unit. 
Mainly for constructional reasons, the linear geometry of 
the frequency doubling set-up was preferred over the folded design 
as applied in the input section of the dye laser: the latter geo­
metry would require a Brewster angle crystal in an almost 90° 
folded leg of the cavity. Using the imaging rules, given by 
Kogelnik et al (КОС 72), the optical combination of lens, crystal 
and output mirror is equivalent to a fictitious plane mirror loca­
ted approximately 10 cm in front of the lens. Placing this mirror 
at the position of the original output mirror to retain optically 
the original cavity geometry would increase the cavity length by 
10 cm, resulting possibly in frequency stabilization problems in 
single mode operation due to a reduced mode spacing. These pro­
blems are reduced by keeping the cavity length as small as possible. 
The frequency doubling unit consists of the ADA crystal 
(Quantum Technology Ltd, Canada; dimensions 10x10x30 mm) and a 
fused silica lens (Melles Griot, Holland; diameter 25 mm), which 
focuses the intra-cavity dye laser beam (width 0.5 mm) perpendi­
cularly into the crystal. All surfaces are polished and provided 
with V-type anti-reflection coatings (Gsänger Optische Instru-
mente, W.Germany) having a reflectivity R<0.25%. The crystal is 
placed in a thermally stabilized double oven system. The UV output 
is extracted from the laser cavity through a specially coated 
fused silica mirror (Valtec, USA), the transmission of which is 
shown in Fig. 3.5. The mirror (diameter 7.75 mm, radius of curva-
ture 5 cm) is glued onto a thin aluminum ring, which is rigidly 
pressed against a piezo-electrical element (Elomag, type MD44, 
expansion coefficient 4.4 nm/V) by means of an "0"-ring supported 
by the holder housing for frequency stabilization and scanning. 
The pressure used is quite high in order to shift the first 
mechanical resonance of the system to 19 kHz. The combination is 
placed in an adjustible mount for precise alignment of the mirror. 
The focus inside the crystal is situated in the center of curva-
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transmission [%] 
Fig. 3.5 The power transmission of the output mirror in the 
visible region (B) around the fundamental wavelength 
as well as in the UV region (A) for the second harmonic 
radiation. 
ture of the output mirror. 
The losses introduced by the tuning elements are difficult 
to measure due to the small values and the strong dependence on 
tilt angle. With the help of the relation given by Fröhlich et al 
(FRO 76), which shows the threshold pumping power to be linearly 
dependent on the cavity round-trip losses, the total round-trip 
loss excluding the crystal was measured to be approximately 18% 
at 616 nm, whereas insertion of the ADA crystal increases the 
loss by somewhat more than 2%. The loss introduced by tilting of 
the narrow band étalon is estimated using the theory developed by 
Leeb (LEE 75), yielding a value of 20% for a tilt angle of 0.5° 
used in the present set-up. In view of the difficulties in 
measuring the losses, this value appears to be in reasonable 
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agreement with the observation that the majority of losses are 
caused by the narrow band étalon. 
To obtain mode-hop free operation of the laser the elec-
tronically tunable narrow band étalon is locked to the cavity mode 
by techniques to be described in the next section. Due to the 
large spectral width of the associated transmission curves the 
tuning wedge and fine-tuning étalon need not be locked for stable 
operation. 
The geometry of the frequency doubling unit for optimum 
SHG is determined from the propagation law for Gaussian beams, as 
discussed in Appendix 2. The focal length f of the lens, required 
to obtain optimum focusing (L/b=2.84, where L is the crystal 
length), is then calculated from Eq. (A2-7). Using appropriate 
values for the various parameters (2w= 0.5 mm, η = 1.575 at 
г
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616 nm, L= 3 cm) we obtain f= 3.29 cm. The position of the lens 
is determined by calculating the distance a between its second 
principle plane and the crystal surface. Because, according to 
the ray matrix given by Yariv (YAR 75), the radius of curvature 
R of the wave front of the incident dye laser beam at this plane 
equals f, when seen from the focus, a is obtained by substitution 
of R=f and s= a in Eq. (A2-8) delivering a=2.30 cm for a focus 
centered in the crystal. The spacing d between the output mirror 
and crystal surface is determined by the requirement, that the 
laser beam retraces itself upon reflection at the mirror surface, 
which occurs if R= R (the radius of curvature of the output 
mirror). From Eq. (A2-8) with s = d we then obtain d=4.02 cm for 
R = 5 cm. However, as the space between the lens and the crystal 
is rather small in this case, a lens with f = 5 cm was chosen. The 
values of a, b and d become then: a=3.93 cm, b=2.41 cm and 
d= 3.93 cm. With this value of b the focusing parameter ς, defined 
in Sect. 3.1, becomes 1.25, which means a reduction by 18% of the 
conversion efficiency according to the results of Boyd et al 
(BOY 68). The lens is mounted in a fine adjustable support for 
optimization. The longitudinal position is found not to be very 
critical: a displacement of approximately ± 1 mm can be tolerated 
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1. crystal 4. inner oven heater 7. NTC+heat sink compound 
2. inner oven block ч. outer oven heater 8. teflon spacers 
3. outer oven block 6. window 9. metal caps 
Fig. 3.6 The double oven system for active stabilization of the 
crystal temperature. In some experiments the windows 
are removed. 
before any effect is seen on the UV power. 
The ADA crystal is placed inside a well stabilized oven 
system, shown in Fig. 3.6, capable of maintaining a thermal stabi­
lity better than 0.01 0C at an operating temperature of 110 0C. 
The stability is needed to keep the power fluctuations due to 
crystal temperature below 1%. The ADA crystal is sandwiched be­
tween two semi-cylmders made of aluminum, constituing the inner 
oven. To improve thermal contact between oven and crystal one 
sheet of Al foil and some heat sink compound are inserted in be­
tween. The oven temperature is controlled via a feedback loop, 
consisting of a NTC resistor (R~ 10 ki2 at 2·^  0C, type YSI 44006) 
attached to the oven block, regulating electronics and a thermo-
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foil heater (MINCO, model HK-913) glued onto the oven. Because ADA 
crystals are highly hygroscopic, contamination of the crystal sur-
faces by water vapour is prohibited by keeping the oven tempera-
ture at a level of approximately 50 "C, when the system is rot in 
use. This oven is mounted inside a cylindrically shaped outer oven 
by means of teflon endcaps (serving as spacers) in order to pro-
vide minimal thermal contact between the two oven systems. The 
outer oven" is a commercial type (Model TC, Quantum Technology LTD, 
Canada), with the original endcaps replaced by caps of own design. 
The temperature control mechanism is essentially the same as used 
for the inner oven. The windows shown in Fig. 3.6 were present 
only during the measurements of the hyperfine splittings, whereas 
they were removed in the population transfer experiments to reduce 
the cavity losses. The entire system is mounted via a pyrex tube 
in an adjustible mount in order to optimize the crystal position 
OUTER OVEN TEMPERATURE STABILIZER 
Fig. 3.7 The electronic block diagram for active stabilization 
of the crystal temperature. Also shown are the various 
protecting interlocks. 
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relative to the laser beam. The maximum safe operating temperature 
of the crystal is approximately 110 0C, as stated by the manufac-
turer. The regulating electronics of both oven systems are of the 
proportional type: when the crystal temperature, sensed by the NTC 
resistor, is below an adjustible limit, the heater is continuously 
powered; otherwise, the heater power is pulsed with a pulse width 
proportional to the temperature deviation from the preset value. 
A block diagram of the electronic circuitry is shown in Fig. 3.7, 
with the various interlocks designed to protect the crystal from 
damage. The reduced power facility is used to heat the crystal 
from the standby temperature to the operating temperature, because 
the heating rate should not exceed 5 0C/min. in order to prevent 
the occurrence of a thermal shock; the various other interlocks 
are used to prevent the temperature from rising too high, the 
cut-off point was set at 110 0C. 
The lifetime of the ADA crystal turned out to be limited 
mainly by the occurrence of coating defects. Although the tempera-
ture used (110 0C) is just at the limit of the range for safe 
operation, the onset of coating defects, increasing the cavity 
losses for the fundamental laser radiation, proved to be the re-
strictive factor rather than deterioration of the crystal as such. 
The cause for the occurrence of these coating defects has not yet 
been identified and might be due to the presence of dust particles 
on the coating, which are burned by absorption of the laser radia-
tion, a chemical reaction between the crystal and coating materials 
possible at elevated temperatures produced by laser beam absorp-
tion or a local heating of the coating, which causes the material 
to expand or evaporate. 
3.3 FREQUENCY STABILIZATION 
The expected absorption linewidth of the OH molecules in 
the beam maser apparatus is in the order of 50 MHz. Accurate 
measurements are only possible if the frequency stability of the 
UV source is much better than this figure. Because the drift of 
the free running dye laser, measured over a period longer than 
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1 s, is larger than this value, active frequency stabilization has 
to be applied. The stabilization scheme used in our set-up consists 
of two loops: 
- locking of the frequency of the laser mode to an external 
reference cavity, which was chosen to be a confocal Fabry-
Perot étalon; 
- locking of the transmission peak of the narrow band eta-
Ion to the lasing cavity mode to prevent mode hopping. 
The frequency stability obtained by these techniques is determined 
by the residual thermal drift of the reference cavity and the elec-
tronic circuitry. Further refinement proved not to be necessary 
transmission curve of reference 
cavity 
















Fig. 3.8 The principle of frequency stabilization. The electro-
nic circuit (a) is schematically indicated. The direc-
tions of the difference voltage (ti) and of the re-
sulting frequency corrections (*) are shown for the 
cases ν >\> (b) and v. <v (c), assuming a positive 
difference signal to correspond to a positive frequency 
correction. 
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during the experiments. If desired, improved stability is possible 
by locking the laser frequency, pre-stabilized by the present tech­
nique, to an atomic or molecular transition using a low frequency 
modulation of the reference cavity to produce an error signal for 
phase-sensitive detection. 
3.3.1 CAVITY MODE STABILIZATION 
The frequency of the cavity mode is locked to an adjustible 
position on the side of the transmission curve of a reference cavi­
ty using an intensity difference technique as shown in Fig. 3.8. 
The fundamental laser beam of intensity I, indicated in Fig. 3.8a 
and derived from the radiation reflected off the tuning wedge, is 
split into two beams of equal intensity; one of them traverses the 
reference cavity (Tropel, model 240-B) and is monitored by a build-
in photo-diode delivering an output signal proportional to %IT(ν ), 
with T(ν ) the transmission of the reference cavity at the laser 
frequency ν . The other beam impinges directly on a photo-diode 
(EGSG, model HAV 1000A) with an adjustable gain producing an out­
put signal corresponding to У2П( ) with \> the desired locking 
frequency. Usually ν is chosen such that T(v ) - %Ί with Τ 
M J J
 о о max max 
the maximum transmission of the reference cavity. The output 
voltage of the difference amplifier is then given by the relation: 
V
 1+. τ ΜΤ(\>J - T(v.)]I (3-14) 
which is valid if the laser linewidth, at a time scale in the 
millisecond range, is much smaller than the instrumental band­
width of the reference cavity, which applies in our situation. 
When ν >\> , as in the situation shown in Fig. 3.8b, the output 
signal of the difference amplifier is negative, if υ is situated 
on the low frequency side of the transmission curve. When υ <\> 
the situation shown in Fig. 3.8c is obtained and the output 
voltage is reversed. The output signal, by which it is thus 
possible to discriminate between a positive and a negative fre­
quency offset from ν , is then used to correct the laser frequency 
62 
by driving the HV amplifier controlling the cavity length. In this 
scheme the feedback loop can be made quite fast, the response being 
limited by the correcting elements in the laser cavity. 
Scanning of the dye laser frequency is accomplished by 
sweeping the reference cavity by means of its piezo-electric tuning 
mechanism. The laser frequency will automatically follow due to the 
feedback action. The scan range is limited, at the moment, by the 
maximum voltage tuning of the HV amplifier to 3.3 GHz in the 
visible, corresponding to a change of the length of the laser ca­
vity by 3.1 μιη. However, by utilizing the full expansion capability 
of the MD44 piezo (8.8 μπι), a scan range of 9.2 GHz should be ob­
tainable. This is not attempted in our set-up, because a fast pro-
grammable (τ<10 s) HV amplifier, capable of a 2 kV voltage swing 
and being rather noise free, was not available. 
The spectrum analyzer serving as the reference cavity has 
a FSR= 7.5 GHz and an instrumental bandwidth of 37.5 MHz, which is 
increased to 100 MHz by a slight misalignment of the analyzer body 
at the expense of signal transmission. This was necessary in order 
to reduce the probability that the system drops out of stabiliza­
tion, when small sudden disturbances cause the laser frequency to 
jump over the top of the transmission curve. The analyzer (body 
made of invar) is placed inside a vacuum tank and is actively 
temperature stabilized in order to eliminate thermal drift. The 
residual temperature fluctuation is less than 0.01 0C at 35 0C. 
The drift of the reference frequency ν is determined by the re­
sidual thermal drift and by the pressure change in the interior 
of the analyzer housing. With the help of the expression for the 
refractive index of air as a function of temperature Τ and pres­
sure Ρ (LAN 62), the following relation is deduced for the change 
in y at λ= 616 nm and Τ= 300 К: 
о 
— о = (9х10~12 Ρ - 1 Й Ь )
й
Т - 2.6χ10~9 ΔΡ (3-15) 
ν L αΤ 
ο 
Herein Ρ is measured in Pa and L represents the separation of the 
analyzer mirrors, which in our case is 1 cm. The coefficient of 
expansion (the last term within the brackets) depends strongly on 
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the construction of the mirror mounts. Because no data of this 
quantity are available, we assume the coefficient of invar, equal 
to 1.44x10 Κ , to be applicable. Using the temperature fluctua­
tion of 0.01 0C given above, it is then concluded, that the ob­
served drift of <100 MHz/hour in the UV is mainly due to a pres­
sure change of approximately 33 Pa/hour in the analyzer, if the 
set is operated far below atmospheric pressure as in our case. 
A schematic diagram of the electronic stabilization cir­
cuitry is shown in Fig. 3.9. The difference amplifier is a very 
critical element in the feedback circuit and requires the use of 
a very low drift operational amplifier like LM 725. If the fre­
quency ν of the radiation from the free running dye laser de­
viates from the desired frequency ν , as in the situation depic­
ted in Fig. 3.8b-c, restoration of \> to υ requires a permanent 
nonzero correction voltage. This, however, is only possible if 
integrating action is incorporated in the feedback loop, because 
the output voltage of the difference amplifier vanishes at ν =v . 
These deviations from the desired frequency occur, for instance, 
when the transmission curve of the reference cavity is shifted, 
as occurs in scanning, or when the optical length of the laser 
cavity drifts. Therefore a PI regulator is used in the feedback 
loop to provide an Integrated (τ= 22 ms) and a Parallel signal, 
which is an amplified version of the difference signal and is 
incorporated, because the integrator response vanishes at high 
frequencies permitting no correction for perturbations in this 
frequency regime in case only the integrator is present. A 6 dB 
per octave roll-off is incorporated with a 3 dB down frequency of 
2 kHz in order to avoid triggering of the 19 kHz resonance of the 
output coupler. The parallel gain is adjusted for maximum stabi­
lity. Using this system succesfull frequency stabilization is ob­
tained, provided the narrow band étalon is locked to the cavity 










piezo ADA crystal étalon 
Fig. 3.9 The frequency stabilization block diagram. The narrow band étalon stabilization is also 
shown. The elements indicated by ΔΦ are phase-shifting amplifiers. 
3.3.2 ETALON STABIIIZATION 
Stabilization of the center frequency of the transmission 
function of the étalon is accomplished by a phase-sensitive tech-
nique. Modulation of this center frequency at a rate of 1 kHz 
causes an intensity modulation of the laser radiation, the ampli-
tude of which is iiinimum, if the frequency of the lasing cavity 
mode coincides with the mean position of the center frequency of 
the étalon transmission curve. If this is not the case, the phase 
of the intensity tiodulation, measured by a phase-sensitive detector, 
determines whether the frequency of the cavity mode is located 
above or below the étalon center frequency. The output of the PSD 
drives, via a PI regulator of the same type as used in cavity 
stabilization, the HV amplifier to control the étalon mirror spa-
cing by a piezo-electric tuning element. A modulation depth of 
10% is used, which corresponds to a 100 MHz peak-to-peak frequency 
swing of the transmission maximum. Demodulation of the error sig-
nal is performed by a differential lock-in amplifier (PAR, model 
—2 
128A) using a time constant of 10 s. The feedback circuit should 
be very noise and drift free because of the very large input 
sensitivity of the étalon HV amplifier (52 GHz/V in contrast to 
0.9 GHz/V for the cavity amplifier), which means that all noise 
and drift effects should be well below 1 mV in order not to dis-
turb the stabilization proces. Due to the feedback action, however, 
the circuit will counteract rendering practical situations slight-
ly less critical. Experiment indicates, that only large sudden 
disturbances of the laser intensity, having durations in the order 
of 10 -10 s, drive the system out of lock, e.g. bunches of air 
bubbles in the dye stream. The very fast ones, however, are cut 
off by the low pass output filter of the lock-in amplifier. In 
certain situations it proved to be necessary to increase the time 
constant to 0.1 s. Etalon resonances were observed near 6 kHz, 
but did not cause problems thanks to the rather large time con-
stant of the PSD. 
Since the amplitude of the modulated signal depends on the 
slope of the étalon transmission curve as well as on the mean 
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laser intensity, a small rising adjacent cavity mode can very well 
produce a contribution to the intensity modulation, which dominates 
the contribution from the primary mode. As a result the étalon 
will be pulled away from the primary mode resulting in unstable 
operation. This is prevented by deriving the error signal from the 
output of the reference cavity, where only the primary mode is 
monitored. A problem is presented by an unwanted frequency modula-
tion of the laser radiation generated by the modulation of the 
transmission curve of the narrow band étalon. This effect is due 
to a change of phase of the signal transmitted by the étalon, 
when the lasing cavity mode is not exactly centered in the étalon 
transmission curve, causing an additional interfering amplitude 
modulation at the output of the reference cavity and a shift of 
the locked position of the étalon transmission maximum. The magni-
tude of the induced frequency modulation was measured to be 
2-3 MHz and produced at the output of the reference cavity an 
amplitude modulation comparable to the intensity modulation dis-
cussed above. This effect can only be reduced by a counter modu-
lation of the cavity length and thereby of the laser frequency. 
To accomplish this a 1 kHz signal of appropriate phase is injected 
into the cavity HV amplifier by an active phase shifter. A second 
phase-shifted signal is injected into the inverting input of the 
differential lock-in amplifier to shift the étalon transmission 
curve slightly relative to the cavity mode, which turns out to 
improve stability. A tentative explanation for this phenomenon 
will be discussed in the next section. 
When the feedback loop is closed and the PI regulator 
switched on, the 1 kHz amplitude modulation, observed at the 
reference cavity output, vanishes totally. The phase-shifted sig-
nal to the PSD is now adjusted until the modulation is just visible 
again. 
When both the cavity and narrow band étalon are stabilized 
by the method described above, locking periods in the order of 1 
hour for stabilization at a fixed frequency are obtained showing 
the good operation of this method, whereas stabilized scanning 
of the fundamental frequency, by sweeping the reference cavity, 
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is obtained over a range of 3.3 GHz. 
3.4 RESULTS AND DISCUSSION 
The operating characteristics of the intra-cavity frequen­
cy doubled dye laser can be summarized as follows: 
- operating wavelength: approx. 305-309 nm, mainly limited by the 
transmission of the output coupler, the 
maximum operating temperature of the crys­
tal and to a lesser extent by the various 
anti-reflection coatings. 
_3 
- dye medium : 2x10 molar solution of Rhodamine В in 
ethylene glycol. 
- single mode UV power: non-scannable: 0.3 mW at 308 nm. 
scannable: 60 μ4/ at 308 nm, determined by 
the narrow band étalon tilt angle. 
nonlinear crystal: ADA, dimensions 
10x10x30 mm. 
pumping power: 4 W at 514.5 nm. 
- UV power stability : non-scanning: ± 10% on time scale >1 s, 
mainly due to fundamental power fluctua-
tions; <± 10% on time scale <1 s. 
scanning: ± 50%, probably due to an inter-
ference effect (see below). 
- mode spacing in UV : 628.0(2.6) MHz. 
- UV frequency : < 100 MHz/hour, determined by the drift of 
stability the reference cavity. 
FM jitter: 2-3 MHz on time scale <1 s at 
616 nm. 
- stabilized scan : 6.6 GHz at 308 nm, limited by the HV 
range amplifier output voltage swing. 
- output beam geometry: divergent. 
The 6.6 GHz scan is only possible at the specified lower 
power level of 60 pW due to the required larger tilt angle of the 
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narrow band étalon. This may be caused by the need for a stronger 
mode competition (the tendency for the gain of the strongest mode 
to grow at the expense of the gain of nearby modes) to prevent 
the detrimental influence of two phenomena observed: 
a.pronounced asymmetry in the maximum mode-hop free scan 
distance of the narrow band étalon, when sweeping it up and 
down over the lasing cavity mode. 
b.a strong tendency for mode-hopping after scanning of the 
laser frequency over small distances, typically between 
200 and 400 MHz, despite locking of the étalon to the 
cavity mode. Concurrently, the laser intensity shows a 
periodic variation, with mode-hops occurring most frequently 
at the minimum intensity situations. 
The existence of an additional interference pattern in the 
laser cavity is a possible explanation for these phenomena. Such 
patterns are generated by reflecting surfaces in the laser cavity, 
e.g. the surfaces of the narrow band étalon, the lens or the 
crystal. Reflection at one of the mirror surfaces of the étalon, 
positioned approximately in the center of the dye laser cavity, 
is expected to be the main cause of trouble, because removal of 
the lens and crystal oven assembly does not lift the observed 
effects. Figure 3.10 shows a schematic picture of the effect of 
interference on the laser operation. In single mode operation the 
transmission function of the narrow band étalon allows only the 
central cavity mode I at frequency ν to lase, if the loss due 
to the interference pattern III is neglected. If not this pattern, 
resulting for example from the interference between waves reflec­
ted at one of the étalon mirrors and the laser end mirror, intro-
duces an additional loss difference 6 between the central cavity 
mode and the next higher mode situated at ν + Δν. In this example 
we consider the situation, where the FSR of pattern III is somewhat 
larger than 2Δ\). If at ν + Δν the transmission reduction Δ, rela­
tive to the value at ν and due to the étalon curve, is larger 
than б, the total loss at ν + Δν exceeds the loss at \> and lasing 
о о 










Fig. 3.10 A schematic view of the interference structure in the 
dye laser cavity as a function of frequency. The 
additional interference pattern III may be produced 
by the interaction of waves reflected from the laser 
end mirror and from one of the ліггогз of the narrow 
band étalon. 
transmission curve is moved to higher frequencies, the value of Δ 
decreases, whereas S remains constant. A hop to the neighbouring 
mode at ν + Λν then occurs at the moment when Δ= 6, which in the 
о 
situation shown happens already, when the étalon center frequency 
is slightly offset from ν . When the étalon transmission curve is 
moved to lower frequencies, however, the loss increase at \) -Δυ n
 о 
due to the additional interference III has to be cancelled by the 
increased transmission of the étalon and therefore a mode hop to 
ν - Δν takes place at a much larger frequency offset from ν . 
This asymmetry in the maximum mode-hopping free scan distance of 
the étalon is absent, when the central cavity mode I lies in a 
maximum or minimum of the pattern III. In case the FSR of this 
pattern is smaller than 2Δ\> an analogous argument is used to 
demonstrate the existence of the asymmetry. If the FSR of the 
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additional interference pattern equals 2ΰυ the asynmetry vanishes, 
because the losses introduced by this pattern at ν + Δν and ν - Δν 
о о 
are equal. Furthermore, when the cavity mode I is scanned synchro­
nously with the center of the étalon transmission function, the 
value of Δ remains constant and a periodic variation of the total 
loss (and therefore of the laser intensity) occurs due to the va­
riation of S during the scan (the interference pattern Ulis assumed 
to be fixed). Moreover, if the amplitude of pattern III is compara­
ble or larger than the maximum value of A/2, which occurs when the 
étalon is centered at υ , a strong tendency for mode hopping exists 
when the adiacent cavity mode at ν + Λ\> or υ - м is located near u
 о о 
a maximum of this pattern. The additional interference theory is 
thus able to explain the phenomena observed. All these effects are 
lifted, if the amplitude of this interference pattern is made 
considerably smaller than the maximum value of Δ. This is achieved 
by a tilt of the étalon relative to the laser beam, because the 
amplitude of the pattern III depends strongly on the alignment of 
the resonator formed by the additional reflecting surface and the 
laser end mirror. Experimental verification shows -this conclusion 
to be justified, at the expense, however, of the laser intensity, 




THE OH BEAM MASER AND UV EXCITATION 
4.1 OUTLINE OF THE MASER SET-UP 
Apart freni some alterations in the OH source and the modi­
fications necessary to perform the UV excitation experiments, the 
beam maser is identical to the set-up described by ter Meulen 
(MEU 76). Figure 4.1 shows schematically the situation during the 
measurements of the hyperfine splittings of the A ζ . state of 
OH. The OH radicals are produced by the reaction Η+ NO ·+ OH+ NO 
in a gas flow tube of the same type as used by Meerts (MEE 75). 
The atomic hydrogen is obtained from a microwave discharge in H O 
and the hydroxyl beam is formed by a teflon coated skimmer 
(φ Зтга) . After passing through a buffer chamber, the molecules 
enter the UV excitation chamber, which is pumped by a 1000 1/s oil 
diffusion pump equipped with a liquid nitrogen baffle to reduce 
the deposit of thin oil films on the UV optics. The last chamber 
contains the electrostatic state selector and the two microwave 
cavities. The total flow of OH radicals from the beam source may 
be somewhat higher than the value calculated by ter Meulen 
(10 s ), because a sharp edged skimmer is used to minimize 
collisional destruction of hydroxyl in front of the beam source 
opening. A mechanical beam chopper provides the possibility to use 
phase-sensitive detection at 120 Hz. An adjustable diaphragm 
(diameter 3-10 mm) is mounted at the entrance of the excitation 
chamber to control the divergence of the molecular beam inside 
the interaction region. 
The state selection required to obtain strong emission 
signals in the microwave cavities is described in Sect. 4.3. The 
detection of the UV induced population transfer effects takes 
place on two microwave transitions simultaneously. The splitting 
of the levels involved due to the earth's magnetic field is de­
creased to a negligible amount by magnetic shielding of the micro­
wave cavities. Fine tuning of the resonance frequency is accom­










1. OH production tube 
2. skimmer 
3. beam chopper 
4. diaphragm φ 3-10 mm 
5. UV beam through window 
6. spherical mirror 
7. window 
8. lens + UG-5 filter 
9. photo multiplier tube 
10. state selector 
11. liquid nitrogen trap 
12. mu - metal box 
13. microwave cavity+ water tube 
14. coaxial line 
Fig. 4.1 The OH beam maser. The radiation chamber is shown in the geometry used during the 
measurements of the hyperfine splittings. The direction of the UV beam is perpendicular 
to the plane of the figure. 
During the hyperfine measurements the microwave detection 
is merely used to monitor the OH beam intensity, while the 
fluorescence caused by the UV excitation is measured by a photo-
multiplier tube (EMI, type 9789QA). In the population transfer 
experiments the UV excitation is controlled by monitoring the 
photo-multiplier signal whereas the UV induced population transfer 
effects on two rotational levels of the electronic ground state 
are measured by microwave detection. 
4.2 THE UV TRANSPORTATION SYSTEM AND EXCITATION REGION 
In order to avoid disturbing effects due to vibrations of 
the vacuum pumps of the beam maser the UV source is placed in a 
separate room. The UV radiation is transferred to the beam maser 
(distance ^15 m) via a set of five highly reflecting UV mirrors 
(R> 96%). The overall loss of the UV intensity caused by this beam 
transportation system, including a beam collimator consisting of 
two quartz lenses, is in the order of 50%. The discrepancy with 
the expected value of ^25% may be due to excessive diffraction, 
scattering or reflection losses at the separate mirrors, possibly 
enhanced by collected dust. 
The excitation region used in the measurements of the 
2 + hyperfine splittings in the Α Σ , electronic state of OH is shown 
in Fig. 4.1. The UV beam, oriented perpendicularly to the plane 
of Fig. 4.1, enters the beam maser via a fused silica window, 
crosses the molecular beam perpendicularly and is reflected by the 
front surface of a UV sensitive photo-diode (EGGG, type HUV-4000 B, 
having an integrated preamplifier) into a Wood's horn to minimize 
scattering of UV radiation into the photo-multiplier. The photo-
diode monitors the UV intensity in the beam maser. The width of 
the molecular beam at the interaction region can be varied from 
8 to 20 mm with adjustable diaphragm. The center of this region 
is situated about 3 mm above the focal point of a UV reflecting 
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spherical mirror (f= 5 cm, R^ 92%). As shown by ter Meulen (MEU 77) 
this results in a total UV capture efficiency of the fluorescence 
3 
radiation of approximately 0.8%, whereas only a region of 3x3x3 mm 
effectively contributes to the photo-nultiplier signal. The cap-
ture efficiency is increased to ^4% by the application of a fused 
silica lens, having f= 5 cm and an effective diameter of about 
40 mm, placed directly in front of the photo-multiplier window. 
The fluoresc'ence radiation is extracted from the excitation chamber 
via a quartz window. A tube, mounted between this window and the 
photo-multiplier, screens the photo-cathode from ambient background 
radiation. All surfaces are blackened to prevent scattering of UV 
into the multiplier. Scattered visible background radiation is 
further blocked by an UG-5 filter (transmission ^80% at 308 nm) 
placed in front of this lens. The gain of the photo-multiplier 
7 tube is approximately 2x10 under normal operating conditions 
(anode voltage 1000 V) and the quantum efficiency of the cathode 
material is 0.17 at 308 nm. From these values a total detection 
-14 
efficiency at the photo-multiplier output of 2x10 A per unit 
emitted photon flux is derived. This output current is measured 
and amplified by an electrometer (Keithley, model 610C) or fed 
into a lock-in amplifier (PAR, model 120), set usually at RC= 1 s, 
to improve the signal to noise ratio. 
During the experiments on UV induced population transfer 
effects between rotational states of OH a different set-up for 
the interaction region is used. The produced effects are enhanced 
by a multiple passage of the laser beam through the molecular 
beam, which is accomplished by the application of a reflection 
system consisting of two plane mirrors (diameter 2 inches) fur-
nished with highly reflective dielectric UV coatings (R> 96%) and 
placed 25 mm apart. A schematic view of the UV excitation region 
used in these experiments is shown in Fig. 4.2. The divergence 
of the molecular beam, detected in the J= 3/2,F= 2 * 2 and J= 5/2, 
F=3 + 3 microwave cavities without state selection, is 0.9° and 
1.2° respectively, corresponding to Doppler linewidths of 37 MHz 
and 49 MHz. As the intrinsic linewidth due to the finite lifetime 
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1. diaphragm (¡S 3-10 mm 4. radiation chamber 7. Wood's horn 
2. UV beam 5. diaphragms 8. diff. pump 1000 1/s 
3. mirrors 6. window +liq .N cooled baffle 
Fig. 4.2 The geometry of the radiation chamber during the UV 
induced population transfer experiments. The remainder 
of the beam maser is identical to the set-up shown in 
Fig. 4.1. The path of the UV beam is also indicated. 
of the Σ level and the finite time of flight through the interac­
tion region are both in the order of 1 MHz or smaller, the fraction 
of molecules in the beam excited by the UV radiation is very small 
(at this time scale the laser linewidth is negligibly small), if 
a plane-parallel reflection set-up is used. The disadvantage is 
overcome by changing the angle between the OH and laser beams 
slightly in each reflection, which is accomplished by a small 
tilt δ of both mirrors (4δ=0.09ο). This technique is especially 
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useful if saturation effects can occur due to the multiple excitation 
of the molecules in a parallel mirror geometry. The UV beam enters 
the excitation region at an angle of •vl.O0 relative to the normal 
to the molecular beam axis, which produces about 40 reflections 
before the UV leaves the reflection system (Fig. 4.3). The total 
length L of the interaction region is then about 4 mm. Due to the 
small effective absorption linewidth of ιΊ MHz only the fraction 
of the OH beam is excited, which is perpendicular to the UV to 
within 0.02°. If a parallel UV beam is used only disjunct angular 
portions of the OH beam are then excited. To overcome this problem 
a 0.4° divergent UV beam focused to a 0.1 mm diameter spot at 
about the fifth passage through the molecular beam is used. The UV 
transmitted by the rear mirror is caught by a large Wood's horn 
to prevent UV scattering into the photo-multiplier. The UV beams 
transmitted by the front mirror leave the excitation chamber 
through a quartz window for control of alignment. At a distance 
of 52 mm above the interaction region a fused silica lens (f= 5 cm) 
Fig. 4.3 The tilted UV reflection system (not to scale). 
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is inserted in such a way that, in conjunction with the f= 5 cm 
lens in front of the multiplier, a fluorescence capture efficiency 
of "^5% is achieved. The background noise due to scattering of UV 
at the mirror surfaces is reduced to 10 relative to the incoming 
UV power by diaphragms between the molecular beam and lens. 
4.3 THE STATE SELECTION 
State selection of OH is achieved by the application of an 
inhomogeneous electric field along the path of the molecular beam. 
The selection of a particular molecular state is then due to the 
force acting on the molecule when traversing a zone of inhomo-
geneous electric field according to the relation: 
Í = - gvE (4-1) 
where E represents the scalar magnitude of the electric field 
strength and W is the Stark energy of the molecular state. For a 
|JM > state W is given by (MEU 76): 
2 M <П>Ц y 
W = W
o




 i - ^ E } 2 ] ^ (4-2) 
Herein W is the average energy of the |J> state, + and - refer to 
the upper and lower levels, respectively, of a A-doublet; \> is the 
frequency of the A-doublet splitting (1.666 GHz and 6.033 GHz for 
2 
the Π , ,J= 3/2 and J= 5/2 states, respectively); μ=1.668 D 
represents the electric dipole moment of OH (MEE 73). General 
expressions for <ii>, which is a function of the contributions С 
and С of the symmetrized Hund's case (a) wavefunctions of the 
Π . and Π , states, respectively, to the wavefunction of the 
1/2 ^ 3/2 
| n'.^JM > state, are given by ter Meulen (MEU 76); in case p3/2 J 
of the n / , J = 3/2 and J=5/2 states they yield <n( 3/2) >= 2.9398 
and <Ω(5/2)> = 2.8599. 
In our experiments an octupole state selector is used 
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consisting of eight circular rods, diameter 2.5 ram and length 26cm, 
arranged in a regular octagon. The odd numbered rods are grounded, 
the even numbered rods are connected to a high voltage supply 
(Brandenburg, model 905) delivering voltages up to 50 kV. The in­
side diameter 2r of the selector is 10 mm. With this geometry 
only positive field gradients are obtained, resulting in a colli-
raation of molecules in the upper Л-doublet state. The molecules 
in the lower state are bent away from the beam axis and will mostly 
miss the entrance openings of the microwave cavities. The exact 
expression for E is rather complicated (VON 58); however, up to a 
radial distance г= 0.9 г it is very well approximated by the 
cylindncally symmetric expression (neglecting fringing fields): 
3 
E(r) = 1.69 ^ V (4-3) 
r 
о 
In this approximation the influence of the selector can be studied 
by computing the trajectories of molecules in various quantum 
states (ЧІЕ 73). The selector efficiency S for the upper (+) and 





S ( ± , J
' V • i+.j,*0) < 4 - 4 > 
s 
Herein i(±,J,4 ) represents the total flow of molecules m the 
indicated substate focused by the selector into the entrance 
opening of the microwave cavity, integrated over the solid angle Ω 
substended by the selector at the source and averaged over the 
velocity distribution of the molecules, which is assumed to be 
Maxwellian; Φ represents the total flow within Ω , whereas Φ 
ß F s' uc 
is the total flow within the solid angle Ω subtended at the 
source by the entrance opening of the microwave cavity. The tra­
jectories of OH radicals in both Л-doublet states are calculated 
numerically from Eq. (4-1,2,3) for 60 values of the molecular 
velocity and 50 values of the entrance angle to the selector 
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for each M substate. The efficiency is then determined by counting 
the molecules which enter the microwave cavities and averaging 
over the velocity distribution at a kinetic temperature of 300 K. 
Values for the selector efficiency using the geometry shown in 
Fig. 4.4 are given in Table 4.1, where the solid angle Я of both 
microwave cavities is replaced by the angle a' of the exit opening 
of the state selector, which is smaller than a . 
с 
If we assume a field free region between the state selector 
and the microwave cavities, the population of the various M 
substates at the entrance of the microwave cavity will again be 
mixed and become evenly distributed over all M substates. In this 
F 
case an effective selector efficiency for the total F state, 
analogous to Eq. (4-4) with M replaced by F, can be defined by: 
S







Fig. 4.4 The geometry during the UV induced population transfer 
experiments. All dimensions are in mm. Also shown are 
the reflected UV beam and the trajectory of an OH 
radical in an upper A-doublet state. 
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Table 4.1 The state selector efficiencies S(±,J,|M |) as a 
function of selector voltage for. the rotational 
2 2 
states Χ Π ,„, 3=3/2 and Χ Π , , J=5/2 in the geometry 
given in Fig. 4.4. Also given are the effective effi­
ciencies for the F=2 and F=3 hyperfine states. A 
negative efficiency for a given state means that less 
molecules in that state enter the cavity than in the 
case of no voltage applied to the selector. 
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In this expression the selector efficiency for a particular 
|J,F,M > substate is equal to the efficiency of the |J,M > substate 
connected to |J,F,M > by the correlation: 
J = 3/2: |M | = mi n( 3/2, | ¡iL· | + 1/2) for F= 2,+ and F = 1,-
J Γ 
|MT| = max(1/2,|M ι - 1/2) for F = 2,- and F = 1,+ 
J Γ 
J = 5/2 : |M I = min(5/2, |M | + 1/2) for F= 3,+ and F = 2,-
|M I = max(1/2,|M | - 1/2) for F = 3,- and F = 2,+ 
The flow Φ of molecules in a ,±,J,FtM > substate entering 
the microwave cavity is then obtained by dividing the total flow 
into the selector of molecules in the |±,J,F> state, which is 








V ± . J . F . V = S2F
 +
 1 lSeff(±'J>F) + ¡Γ 1 ( 4- 6 ) 
s 
assuming both Л-doublet states to be equally populated. 
As shown by ter Meulen (MEU 76) the observed microwave lines 
consist only of ΔΜ = 0 transitions. The maximum S/N ratio for a ΔΡ=0 
main line transition, in case of a field free region between the 
selector and microwave cavity, is calculated using the expression 
given by ter Meulen, yielding: 
<"">.„ <->t4ï3i ,*,.,,,,. 
[.„ (..J.FHS.ffU.J.F)*^)-.,, <-,J,F>ISeff(-.J.F>. J!!] 
Ξ S S S 
(4-7) 
if summation over all M_. substates is performed. Here μ repre-
2 
sents the dipole moment matrix element of the Π . , J, F ·* F 
transition. Values for the effective selector efficiency are also 
given in Table 4.1. 
If no field-free region is present between the selector 
and the microwave cavity, the population distribution over the 
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various M substates will be conserved in the cavity (apart from 
possible transitions induced by Fourier components of the time 
varying fringing field seen by the molecules). The maximum ratio 
S/N is then given by: 
( S / N )
m a x
( : )








( + ,Л,К) I |MFHS( + ,J,F,M F) +^}- Ín(-,J,F) I |MFUS(-,J,F,M J+^p)] 
s M_ s s M_ s 
F F 
(4-8) 
Relative values for (S/N) , normalized to unity at V=25 kV state 
max 
selector voltage assuming the electric field to be given by 
Eq. (4-3), are shown in Fig. 4.5 in case of a field-free region 
between the selector and the cavity. The discrepancy between the 
measured and calculated curves is probably due to the fact that 
in the measured values at 25 kV contributions exist from molecules 
coming near the rods. In this region the field approximation (4-3) 
is no longer valid and the exact expression given by Vonbun 
(VON 58) should be used, which yields a stronger field near the 
rods. As a consequence more molecules are selected at 25 kV 
compared to the calculations. At lower selector voltages the 
relative contribution to the total signal from molecules coming 
in the region, where the field approximation breaks down, is 
smaller, in which case the calculated selector efficiencies will 
deviate less from the values in the experiment. This will cause 
the calculated microwave intensity, taken relative to its value 
at 25 kV, to be higher than the observed value, which is in 
agreement with the result shown in Fig. 4.5. Insertion of the 
exact expression for the electric field into the calculations, 
however, would require the solution of a three-dimensional system 
of differential equations to determine the trajectory of the 
molecule inside the selector, because this trajectory will be a 
spiral. In the present model the trajectory is in a plane, which 
requires far less computational time to determine the selector 
efficiencies. In view of the fact that 3000 trajectories are 




10 15 20 25 
state selector voltage ( kV) 
Fig. 4.5 The microwave intensity of the Χ Π , , J =3/2, F = 2 •* 2 
and X H,,,, J=5/2, F = 3 + 3 transitions, nomalized 
to unity at 2^ kV, versus state selector voltage. The 
solid curve shows measured values and the dashed line 
represents calculated intensities. 
of the exact expression is omitted. The influence of the fringing 
fields also tends to increase the number of selected molecules 
and therefore may also (partly) account for the observed discrepancy. 
It should be noted, that anisotropic flow of the OH radicals 
into the selector is not accounted in the calculations. If exci­
tation by a single parallel UV beam is used in the region between 
the source and state selector, anisotropics occur because only a 
small angular portion of the molecular beam is excited by the 
narrow band UV radiation. In our case, these effects will be 
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significantly decreased by the tilted mirror set-up. 
4.4 THE MICROWAVF DETECTION SYSTEM 
The superheterodyne microwave detection system used to 
measure the population transfer effects produced by the UV puiiping 
has been described before (VER 69). Basically, the microwave power, 
generated by a klystron oscillator and reflected by the cavity, is 
down-converted to an intermediate frequency of 30 MHz by mixing 
with a local oscillator signal (obtained from a separate klystron) 
and subsequently amplified and demodulated by a phase-sensitive 
detector (PAR, model 120) tuned to the reference frequency of 
120 Hz provided by the beam chopper. The frequency of the primary 
oscillator is stabilized by mixing a small fraction of its output 
power with the signal from a combined frequency synthesizer 
(Rohde G Schwartz XSU+XUC, Schomandl ND100M), which is set 30 MHz 
from the desired klystron frequency. The resulting 30 MHz beat 
frequency is phase-locked to a 30 MHz reference signal by a 
Schomandl FDS 30 syncriminator. Scanning of the klystron frequency 
is accomplished by varying the frequency of either the reference 
signal or the synthesizer. The local oscillator frequency m turn 
is locked to the primary source by a similar method, replacing 
the synthesizer signal by the signal from the primary oscillator. 
The detection of a molecular transition is accomplished by moni­
toring the increase of the reflected microwave signal caused by 
the stimulated emission by the OH radicals inside the cavity. In 
2 
this experiment microwave detection is performed on the Χ Π , , 
о 3/2 
J = 3/2 , F=2 ->• 2 and Χ Π_,„, J = 5/2, F=3 + 3 mam line transi­
tions at 1667.35903 ( 10 ) MHz and 6035.09321(20) MHz, respectively 
(MEU 76). The effects of population transfer manifest themselves 
in a change of the measured microwave intensity. Because these 
effects are very small, long time integration techniques are used 
to improve the S/N ratio. The measurements are repeated a large 
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Fig. 4.6 The measuring procedure for detection of UV induced 
population transfer effects on the microwave intensity. 
Each step lasts 16 s, starting with 6 s dead time 
(d.t.). Each cycle of detection at the J= 3/2 transition 
is followed by a similar cycle for the J= 5/2 line. 
are processed digitally. The measuring procedure used to accomplish 
this is shown schematically in Fig. 4.6. The dead time (d.t.) shown 
is required to avoid RC effects when switching from the top of 
the microwave line to the base line at 20 kHz from the line center 
or vice versa. Switching of the UV intensity is accomplished by 
a mechanical shutter in the UV beam. The cycle shown in Fig. 4.6 
is completed for the J=3/2 and J = 5/2 microwave transitions alter­
nately. The measuring sequence is reversed during each cycle to 
eliminate possible drift effects. During the sampling time of 
exactly 10 s, determined by the gating time of a frequency counter, 
the lock-in output signal is fed into a voltage to frequency 
converter (VIDAR, model 251) whose output is sampled by the 
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counter (HP, model 524*51) phase-locked to a 1 MHz reference 
frequency. At the end of each sampling period of 10 s the measured 
frequency is recorded onto paoer tape by a tape punch (FACIT, 
model 4070), after which computer processing is done. A complete 
cycle, measuring both the J=3/2 and J= ^/2 microwave transitions 
takes 256 s. Usually, the total number of cycles recorded during 
a measuring run varied between 15 and 27. 
Using the nomenclature shown in fig. 4.6 the effect X of 
the UV induced population transfer on the microwave intensity can 
be calculated from the relation: 
I -I I » - I 7 
x = M ^г-гт- + r-T1! (4-9) 
4 3 5~ 6 
If the measuring error in each of the eight steps in a cycle is 
assumed to be equal to N//10, where N represents the noise observed 
at the output of the lock-in amplifier at RC = 1 s, the relative error 
in X after M complete cycles, in case of small effects, is given by : 
-£ = — ( f Γ ' (4-10) 
x
 /m N 
where S/N is the signal to noise ratio at RC= 1 s. Typical values 
2 
of S/N at a state selector voltage of 25 kV are 100 for the Χ Π . , 
p ò I ¿ 
F = 2 •» 2 microwave transition and 80 for the Χ Π , , J= 5/2, 
ο ι ¿. 
F = 3 + 3 transition. Under these circumstances the obtainable 
relative accuracy in X is approximately 10 . In practise, however, 
the accuracy is limited to at least 14%, which is probably due to 
fluctuation of the UV intensity and alignment of the UV beam. 
4.5 THE OH ABSORPTION CbLL 
The Doppler broadened linewidth due to the divergence of 
the molecular beam is in the order of 100 4Hz. The measuring 
accuracy of our wavelength meter (monochromator Hilger G Watts, 
87 
type Monospek 1000) is only 0.1 A in the visible region correspon-
ding to an uncertainty of 15 GHz in the UV region. It is clear 
from these values that a search for a UV transition of OH in the 
beam maser is rather time consuming, also because the UV frequency 
cannot be scanned over more than 6 GHz. To overcome this problem 
an absorption cell for OH was constructed, where the Doppler line-
width is about 3.9 GHz. The set-up is shown in Fig. 4.7. The 
production of OH is done by the usual reaction H+ NO •+ OH+ NO 
(MEU 76). The OH radicals are excited by the UV just in front of 
the NO injecting glass capillary array, positioned at the end 
of the flow tube. The pressure in the interaction region is typi-
cally 0.05 Torr. In this situation searching is done by sweeping 
the transmission frequency of the narrow band étalon in the laser 
cavity, which causes mode hops and therefore changes in the laser 
frequency by approximately 300 MHz (in the UV 600 MHz). The 
molecular absorption line will then be scanned in about six mode 
microwave 
discharge 
zinc line . ι ι 








Fig. 4.7 Outline of the OH absorption cell set-up. 
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hops. This technique greatly facilitates searching because the 
laser frequency can now be scanned manually over a large distance 
(typically ^30 GHz) without the danger of missing the OH absorption 
line. 
The fluorescence radiation is measured by a photo-multiplier 
tube of the same type as used in the beam maser (EMI 9789 QA). 
The output current is measured by an electrometer (Keithley, 
model 610C) connected to a strip chart recorder. To reduce back-
ground radiation an atomic zinc line filter, having a transmission 
of 30% at 300 nm, is mounted in front of the photo-cathode. The 
background noise is further reduced by blackening of the entire 
gas cell and part of the flow tube and by the use of a Wood's horn 
to capture the UV beam; another horn is placed towards the photo-
cathode as shown in Fig. 4.7. The solid angle subtended by the 
photo-cathode at the interaction region is 10 sr, which, 
together with a quantum efficiency of 17% and a total gain of 
7 — 1 fi 
2x10 , results in a detection efficiency of 1.6x10 C/photon. 
At the average UV power of 0.1 mW employed in the experiment the 
12 
anode current is 0.2 mA, yielding a total of 1.3x10- excitations 
per second in the absorption cell. The Doppler widths of the 
measured transition lines are 3.2 GHz, which is somewhat lower 
than expected. This may be caused by the fact that due to the 
strong reactivity of OH the preferential flow direction will be 
towards the vacuum pump, which causes a narrowing of the Doppler 
profile with respect to the pure isotropic situation. 
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CHAPTER 5 
THE EXPERIMENTAL RESULTS 
5.1 THE HYPERFINE STRUCTURE OF THE Α 2Σ* STATE 
The hyperfine splittings, belonging to the rho-doublet 
components of the rotational levels K=0 through 5 in the Α Σ . 
2 
state, were measured by the UV excitation from the Χ Π , state 
in the wavelength region 306.8-308.3 nm: K=0,1 and 2 by absorption 
from the J= 3/2 state, while the K= 3,4 and 5 levels were excited 
2 
from the Χ Π . , J= 5/2, 7/2 and 9/2 states, respectively. Phase-
sensitive detection at RC= 1 s was performed on all transitions, 
whereas some splittings were also recorded directly by feeding the 
output of the amplifying electrometer to a strip chart recorder. 
Fig. 5.1 shows a typical recording for both situations. The high 
noise level in the direct recording is due to scattered UV detected 
by the photo-multiplier. The total anode current in this situation, 
—8 
after correction for the background signal, is 2.6x10 A, corres­
ponding to approximately 1.3x10 excitations per second by the UV 
beam. In all cases the adjustable diaphragm at the entrance of the 
radiation chamber was set to φ 3 mm in order to minimize line 
broadening due to the divergence of the molecular beam. Observed 
linewidths are typically between 120 and 150 MHz, which prevents 
the hyperfine splittings of the ground state from being resolved, 
because these are smaller than 55 MHz and other methods of fre­
quency calibration have to be used. Calibration has been performed 
by feeding a small fraction of the fundamental laser radiation 
into a thermally insulated and calibrated interferometer (Tropel, 
model 216 V), which is operated at zero voltage and whose output 
is used as a marker during a frequency scan. The free spectral 
range (FSR) of this interferometer is determined by measuring the 
known hyperfine splitting of the D line of sodium at 589 nm in 
an atomic beam set-up, yielding: FSR= 302.2± 1.2 MHz. In the UV 
the distance between two frequency markers corresponds to exactly 
• twice his value. 
To determine the actual hyperfine splittings Δν two 
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Fig. 5.1 Typical recordings of rotational transitions to the 
Α Σ . state, split by the hyperfine interaction in 
the Σ state. Curve (A) represents a direct recording, 
curve (B) is a phase-sensitive measurement. The fre­
quency markers are produced by the transmission of a 
fixed interferometer. 
corrections have to be applied to the observed values: 
1. Thermal drift of the calibration interferometer results in 
different distances between the frequency markers when 
scanning up or down. The hyperfine splitting Δ\>
+
 measured 
on the recording during up (+) and down (-) scans, respec­
tively, of the UV frequency is related to the actual 
splitting u\i in MHz by: 
Δ\), Γ Δν 
S. 
(5-1) 
where use is made of the fact that the molecular transitions 
are free of drift; r represents the speed of the strip chart 
recorder and S
+
 is the scan speed of the UV frequency in the 
upward (+) or downward (-) direction. If the drift of the 
transmission maxima of the interferometer is constant over 
the measuring period, which turned out to be a reasonable 
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assumption in our case, the distances FSR and FSR_ between 
two raarkers, measured on the recording, during up and down 








'4S . + d 
Herein d is the drift velocity of the transmission maxima 
of the interferometer in the visible and FSR its free 
spectral range which is given above; the factor 1^ in the 
denominator of the right hand side accounts for the fact 
that the markers are produced by the fundamental frequency, 
which is scanned at half the scan speed in the UV. The 
influence of this drift is then eliminated by computing the 
splittings according to the relation: 
FSR - 1+ FSR-1 
±2L - 2 + I (5-31 





The recorder speed is assumed to be equal during up and 
down scans; the frequency scan rates, however, need not to 
be equal. Thermal drift that occurred during calibration 
of the interferometer was also corrected in this way. The 
contribution to the experimental error by the residual 
interferometer drift fluctuations is estimated from these 
calibration measurements to be less than 0.1%, which is 
far less than the experimental -neasuring accuracy of 
approximately 0.5% and can be neglected. 
2. The transitions from two different hyperfine states in a 
Π . A-doublet to the same A I . hyperfine state coincide 
within the observed Doppler widthΔν of the transitions 
(the Σ-state hyperfine splittings turn out to be larger than 
Δν ). In the AJ= 0 transitions the ΔΓ= 0 components are at 
least a factor of five stronger than the &F= ±1 lines, 
whereas the reverse occurs in the àJ= ±1 transitions. 
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If the weak components are neglected, the observed split­
tings are given by the sum or the difference of the hyper-
2 + 2 fine splittings of the Α Σ . and Χ Π ,„ states involved, 
depending on the ordering of the F levels. Due to the weak 
components, however, a shift of the top of the composite 
line occurs relative to the center frequency of the strong 
component. A correction to eliminate this effect is applied 
by calculating the shift numerically from the theoretical 
intensity ratio, the ground state hyperfine splitting and 
the line shape, which is taken to be Gaussian as observed 
for the single line component in a AJ=±1 transition. The 
corrections obtained in this way varied from 12.7 MHz for 
эх tc 
Ь/З' 
the A2l+ , , J' = 3/2,- * Χ2Π , , J= 3/2,+ complex o less 1/2 ο ΙΔ _ 
than 1 MHz for the transitions involving the π·7/?» J^5/2 
states. 
The resulting values for the hyperfine splittings of the 
2 + 
Α ς , state of OH are given in Table 5.1. The experimental errors 
LI ¿ι 
quoted are the standard deviations from at least 10 recordings 
(five up and five down). The contribution'to the experimental 
error by the overlap is estimated to be smaller: changing the 
relative strength R of the strong and weak components by 10% 
yields a shift smaller than 0.8 MHz for the Α ς|, , J'=3/2,- * 
2 1/2 
Χ Π^/ο» J= 3/2,+ complex, which is regarded as typical for the 
transitions leaving from the 1·,/;,! J = 3/2 state. Changes for 
J^5/2 are negligible due to the high values of R involved. 
The frequency separation between the J= 1/2, F=0 and 
J=3/2, F=2 hyperfine levels of the Α Σ*, , K=l state was 
measured by scanning the UV frequency via mode hops of the funda­
mental dye laser radiation. This method, which produces frequency 
jumps in the UV equal to the UV mode spacing quoted in Sect. 3.4, 
was necessary, because the required range was larger than 6.6 GHz, 
the largest continuous stabilized scan possible in the present 
laser system. Because the required distance was very nearly an 
integral multiple of the UV mode spacing, the scan, initiated at 
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J observed calculated observed minus 
splitting splitting calculated splitting 
[MHz] [MHz] [MHz] 
1/2 777.9(4.0) 777.8 0.1 
1/2 198.1(1.6) 199.4 -1.3 
3/2 490.1(2.2) 490.0 0.1 
3/2 276.5(1.8) 275.7 0.8 
5/2 436.0(2.2) 438.9 -2.9 
5/2 303.4(1.6) 301.8 1.6 
7/2 415.9(1.9) 417.0 -1.1 
7/2 319.1(2.2) 315.6 3.5 
9/2 404.4(2.3) 404.8 -0.4 
9/2 323.2(2.0) 324.2 -1.0 
11/2 398.3(2.3) 397.0 1.3 
Table 5.1 The observed and calculated hyperfine splittings in 
the Α 2 ς | / state of OH. 
the top of the first line, could be stopped when the side of the 
second line was reached. Comparison of the fluorescence intensity 
at this point of arrival with the intensity at the top of the 
second line then determines, together with the number of mode hops, 
the total length of the frequency scan. Using this method the 
distance between the A Σ./pi К = 1, J = 1/2, F = 0 and J = 3/2, F = 2 
hyperfine levels was measured to be 10745(45) MHz after applica­
tion of the corrections discussed above. This value allows the 
determination of the rho-doubling in the Α Σ , ,K= 1 state. 
From the experimental values for the hyperfine splittings, 
94 
as given in Table "5.1, and the measured value of the spacing 
between the J = 1/2, F = 0 and J = 3 / 2 , F = 2 levels in the Α Σ^/2ι 
K= 1 state the molecular hyperfine coupling constants b and с and 
the rho-doublmg constant γ are calculated using the matrix ele­
ments given in Sect. 2.1 to determine the energy eigenvalues. The 
discussion in Sect. 2.1 shows, that the Hamiltoman matrix facto-
n z e s into blocks of 2 χ 2 matrices, each describing a ΔΚ= ±2 or 
ΔΚ= 0 interaction. The UK= +2 interactions give contributions to 
the hyperfine splittings in the order of 10 kHz, v.hich is far 
below the experimental accuracy. Contributions to the hyperfine 
2 + 2 2 
energies by interaction between the A E./p» x Π /, a n d Χ Π , 
states are also expected to be below the experimental accuracy. 
In order to minimize correlation between the molecular parameters 
the quantities γ, с and b+ c/3 are determined from a least squares 
fit of the spectrum using the inverse squared measuring errors of 
the splittings as weights. The resulting values are shown in 
Table 5.2. The values of 227 and 509 4Hz for the J= 1/2 and J= 3/2 
levels, respectively, of the K= 1 state deduced by German et al 
(GER 73) from their measurements on OD turn out to be somewhat 
molecular constant value [MHz] 
this work other work 
b+c/3 777.8(2.0) b=719.0(1.2) (RAA80) 
с 165.8(2.8) 160.5(0.9) (RAA 80) 
γ 7130 (30) 6875(75) (LIE 80) 
6810(20) (DES 77a) 
7050(2100) (GER 73) 
Table 5.2 The hyperfine coupling and rho-doubling constants of 
OH in the Α Σ-/« state. 
higher than the present ones. The value of γ=7.05 GHz, however, 
is consistent with our result within their large error (30%). The 
result of Diecke and Crosswhite (DIE 62) and Destombes (DES 77a) 
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deviate strongly from the present value. Recently Liebermann et al 
(LIE 80) measured the rho-doubling of the K= 1 through 5 levels 
of the Α Σ . state of OH optically by recording the fluorescent 
spectrum produced by excitation with a frequency doubled dye laser 
pumped by a pulsed nitrogen laser and obtained the value 
γ=6875(75) MHz. According to the information available, the 
hyperfine structure of the A ?: . state was not resolved in this 
measurement. The discrepancy with our result might be partly due 
to the neglect of the large hyperfine splitting of the Α Σ . 
state, resulting in a shift of the top of the composite line 
relative to the position that would be obtained if no hyperfine 
splitting was present. Raab et al (RAA 80) reported accurate 
measurements of the hyperfine b and с constants of the Α Ζ , 
state by the use of quantum-beat spectroscopy and obtained the 
results shown in Table 5.2, which are in fair agreement with the 
present values. 
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5.2 THE UV INDUCED POPULATION TRANSFER 
The experiiients to study UV induced population transfer 
effects in OH involve the excitation via the Α Σ1/0t J'=3/2, F'=2,+ 
2 2 + 
*
 X
 ^3/2' J = 3 / 2 > F=2,- transition (called Q (D) or Α Σ 1 / 2 . 
J, = 3/2, F, = 2,+ -^X πз/2^ J = 5 / 2 · F = 3,- transition (called Ρ (2) ) 
at 307.9337 nra and 308.7293 nm, respectively (ENG 72). In both 
2 
cases microwave detection is performed on the Χ Π . , J= 3/2, 
F=2 * 2 as well as on the J =5/2, F=3 * 3 transition in a 
measurement cycle as described in Sect. 4.4. The typical UV power 
Ρ , coupled into the beam maser, was 0.14 mW in case of Q (1) 
excitation and 0.20 mW for the P.(2) transition. The excitation 
efficiency η, defined as the fraction of molecules from the OH 
beam excited by the UV, in the limit of weak interactions (Chap. 2) 
is given by the expression: 
N 
η = У W.t.f. (5-4) 
ito 1 1 1 
Herein W. represents the radiative transition rate in the i-th 
passage of the UV beam through the molecular beam, t. the corres­
ponding interaction time, f. the maximum fraction of molecules 
that can be excited during the i-th passage and N=40 is the number 
of reflections in the tilted UV mirror system. The fraction f. 
of molecules with velocity ν in a OH beam of diameter 2D and 
excited by a UV beam of diameter 2H. (H. < D) and linewidth Δν, 
is given by: 
4 H
· л 
f. = —i £¡- (5-5) 
i TTD A \ I D 
o 
with Δν„ = 2\i -sine (5-6) 
B o e m 
where θ is the divergence of that part of the OH beam that is 
m 
focused into the microwave cavity by the state selector and is 
therefore dependent on the quantum state and selector efficiency. 
The factor Δ\ι/Δν represents the excited fraction of the absorp-
B 
tion profile of the entire OH beam, having a width Δν due to 
В 
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Doppler broadening. If a monochromatic UV beam of Gaussian spatial 
geometry is assumed equivalent to a parallel UV beam with a 
Gaussian frequency profile the excitation rate W is given, accor­
ding to Fq. {2-14), by the expression: 
B12 P ( V12 , V12 ) 2 B12 Pi ln2 
CwH СтН Δ\> 
1 ι 
Herein Ρ(ν ,ν ) represents the power per unit of bandwidth in the 
center ν of the frequency profile of the UV radiation and Ρ is 
the total power in the UV beam m the i-th passage. The width of 
the molecular absorption line, determined by the lifetime of the 
— 7 —7 
Σ state (τ - 7x10 s) and the interaction time (t > 1.4x10 s), 
ι T-
is smaller than the effective width Δν of the UV radiation given 
by the divergence of the UV beam (A\J~ 17 MHz), which justifies 
the approximation of a flat UV spectrum in evaluating Eq. (2-15). 
The resulting expression for the total fraction η of excited 
molecules is then given by: 
16B,„ , „ Ρ 40 
12 .Лпг. о „ n 
η = г
-
 /( ) =-. J a 5-8 
en V Β n=0 
with the parameter α the mirror reflection coefficient (a> 96%) 
and Ρ the total power in the incident UV beam. Insertion of 
о
 r 
appropriate values for the parameters: v=717 TI/S, D=2.8 mm, 
A\>D =110 MHz, α = 96%, Ρ =0.2 mW, Β 1 0 = 6.4χ10
17
 m
3/Ws 3 for Q. ( 1) 
17 3 03 
and Β = 6 . 7 χ 1 0 m /Ws for Ρ (2), yields η = 3% for both Q (1) 
and Ρ (2) transitions assuming all the molecules within the 
opening angle of the state selector to be selected. Without state 
selection the values of D and Δν are 1.2 mm and 49 MHz, respecti-
B 
vely, (given by the exit opening of the state selector) yielding 
n= 15% and 16% for the Q.tl) and Ρ (2) transitions. Assuming a 
13 —1 total OH flow of 3x10 s into the solid angle of the entrance 
of the state selector, an occupation factor of 6.1% for the 
Χ
2
Π , , J=3/2, F=2,- state and 5.8% for the Χ Π ,2, J=5/2, 
F=3,- state at 300 K, the total number of excitations per second 
is 6x10 in case of both Q.tl) and P.(2) transitions. At 0.2 mV* 
-4 pump power an average fluorescence intensity of 4.1x10 A is 
98 
10 detected, corresponding to 4x10 excitations per second in the 
Ρ (2) transition, 
estimated value. 
which is in reasonable agreement with the 
The measured values of the relative effect on the microwave 
intensities at various values of the state selector voltage and 
scaled to 0.2 mW UV power are shown in Fig. 5.2. A diaphragm é 10 mm 
is inserted at the entrance of the radiation chamber. The errors 
shown correspond to one standard deviation of the mean. During 
Ρ (2) excitation an increase of the microwave intensity is observed 
for both microwave transitions, whereas the reverse occurs when 
the 0 (1) transition is excited. The extremely large measuring 




• ) = Vi. f = 3 - 3 ι 
- I . Vi, f. г - ! ' 
• 1= 'Л. F= 2 - 2 ι 
- 1 . V ¡ . F = 3 - 3 I 
Ρ, 121 
1,(11 
15 20 25 
slate selector voilage IkVI 
Fig. 5.2 The measured changes of the microwave intensity of the 
•Π 3 / 2, J=3/2, F=2 2 and '"з/г· J = Ъ І 2 > F = 3 
transitions due to UV excitation at the Q (1) or РЛг) 
transition versus state selector voltage. 
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2 
error in the result for the Χ Π ,„, J= 5/2, F=3 + 3 transition 
at 20 kV using 0.(1) excitation is due to the fact, that the 
observable effect on the microwave intensity of this transition 
vanishes at high selector voltages, because molecules in the lower 
Л-doublet state, which is involved in the population transfer 
proces, are bent out of the beam by the selector. 
Without state selection and UV pumping, emission signals 
are observed in both microwave cavities with typically S/N ~ 6 at 
RC= 10 s, which is approximately a factor two higher than the 
results of ter Meulen (MEU 76). These signals are due to the popu­
lation inversion between the hyperfine levels involved, originating 
in the production region, and are much larger than the intensity 
changes produced by the UV excitation. The analysis of the results 
of UV excitation shown in Fig. 5.2 is greatly hampered by the 
occurrence of this chemical inversion proces. Without state selec­
tion the relative effects due to UV excitation do not grow beyond 
the values shown because of the nonzero lower bound on the micro­
wave intensity produced by the chemical inversion proces. An 
estimate of the magnitude of the produced population inversion 
2 
between the hyperfine levels of the A-doublets of both the Χ Π , , 
J = 3/2 and J = 5/2 states is obtained from measurements of the 
microwave intensity at various state selector voltages without 
UV excitation and the selector efficiencies given in Sect. 4.3. 
These values will then be used in the analysis of the UV induced 
effects. 
If the relative population inversion between the hyperfine 
levels of a microwave transition, in the absence of UV radiation, 




E ( J , F ) =
 ' " % S <+- J' F> ( 5 " 9 ) 
s 
t h e maximum S/N r a t i o , a c c o r d i n g t o Eq. ( 4 - 7 ) , becomes: 
• ) / F T F + I ) ( S / N )
m a x
( : )
 '-тТ I^F.FI ·
η






e f f( + ,J,F) - Seff(-,J,F) + E(J,F){Seff(->J>F) + ^ } 
s 
(5-11) 
From measurements of the microwave intensity with and without 
state selection the value of the relative population inversion 
e(J,F) is then determined via the relation: 
S/N(0 kV) _ К e(J.F) . ,_ ._. 
S/N(20 kV) - a
s
 B(J,F) ^-í¿! 
Herein the relation S „.(±,Л,Г)=0 without state selection is used 
and the selector efficiencies occurring in the expression of β are 
to be evaluated at 20 kV. The measurements of the effects caused 
by UV excitation at the Q^l) and Ρ (2) transitions are performed 
on different days, resulting in different OH production circum­
stances and consequently in different values for E(J,F) in the 
0.(1) and Ρ (2) excitation experiments. Measurement of the micro­
wave signals with and without state selection yielded: 
during Q (1) series: ε(3/2,2) = 0.088(16) 
ε(5/2,3) = 0.066(13) 
during Ρ (2) series: £(3/2,2) = 0.060(12) 
ε(5/2,3) = 0.035(9) 
when a 20% uncertainty in the values of the selector efficiencies 
is assumed (MEU. 76). 
For weak interactions the population change ΔΦ (j) in 
s 2 hyperfine state |j>, due to UV induced excitation from a Χ Π . 
2 + ' 
state |i> (¡¿|j>) and subsequent decay from the excited Α Σ , 
state |k> is obtained from the relation (A3-13): 
л% (J) = A-¥ w ( i ) (5- i3) 
s s 
Herein A represents the total spontaneous emission rate from state 
|k>, A, ./A is the branching ratio from |k> to |j> and n. the total 
kj ι 
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excitation efficiency defined above. Because Eq. (5-13), in the 
case of |j>= |i>
>
 gives the amount of population returned to state 
|i> by the decay of state |k>, the total population change of 




 (i) =-(1- -ίρ:)η.Φ
η
 (ι) (5-14) 
Ξ S 
с -ι 
Regarding the Q.ÍD transition 9s an example (A= 1.43x10 s ), 
the condition for weak interaction is met for all crossings of the 
0.2 mW UV beam with the OH beam except in the focus, where the 
excitation efficiency is equal to 34% according to the Einstein 
theory. This theory is therefore no longer applicable at the focus. 
The experimental errors, however, turn out to be much larger than 
the uncertainty in η. produced by the assumption of a weak radia­
tive interaction. Simultaneous pumping on satellite transitions 
2 
due to overlap of the Χ Π, , hyperfine states within the UV 
absorption line profile of 110 MHz is expected to give contribu­
tions below the experimental accuracy, because these transitions 
are at least a factor of 10 weaker due to the combined effect of 
a lower transition probability and off-resonance excitation. 
2 
The relative change D in microwave signal of the Χ Π . , 
J=3/2, F = 2 > 2 and J = 5/2, F = 3 + 3 transitions, values for which 
are shown in Fig. 5.2 and which is caused by UV excitation along 
the Q..(l) or P. (2) transitions, is obtained from Eq. (4-7) and 
Eq. (5-10,11): 
D A(S/N)| , S,ff<*'J'" + V B . a 4 ( ì ' J , F ) , 5 1 5 ) 
Herein the + and - sign refers to the J = 3/2 and J = 5/2 transi-
tions, respectively. Using Eq. (5-13,14) to calculate the popula-
tion changes induced by the UV excitation, the ratios U and U 
of the relative effects on the J= 3/2 and J= 5/2 microwave 





D 3 / 2 
D 5 / 2 
D 5 / 2 
D
3/2 
14 ,1 - Xs к 
" 15 l у J Ζ 
" 14 l χ J < 
for Q (1) (5-16a) 
for Ρ (2) (5-16b) 
J  Δ 
W Ì t h :
 3(5/2,3) S e f f( +, 3/2,2) +,./, s 
Κ
 6(3/2,2) S
eff(-,5/2,3) + fi¿/ns l0
 1П 
and Ζ = Φ
Ω
 (+,3/2)/Φ (+,5/2) (5-18) 
Ξ S 
The parameters χ and y represent the branching ratios for the 
Α
2
ς | / 2 , J'=3/2, F'=2,+ - Χ 2Π 3 / 2, J= 3/2, F= 2,- ( Q ^ D ) and A ^ ^ , 
J' = 3/2, F' =2,+ + Χ Π , , J = 5/2, F=3,- (P (2) ) transitions, 
respectively. The factor 14/15 appears, because the flows of mole­
cules in the considered hyperfine states are expressed as a 
fraction of the flows of molecules in the A-doublet states, 
assuming the magnetic hyperfine substates to be equally populated. 
Since in both pumping transitions the lower state of the J = 5/2 
A-doublet, having a negative selector efficiency, is involved, 
the observed effect on the J= 5/2 microwave transition depends 
strongly on the geometry of source, selector and cavity. This is 
illustrated by the limiting case of complete state selection, 
where S „„(-,5/2,3) -<· -Ω ' /a and consequently U. •* » and U_ •* 0. 
err с s Q Ρ 
In view of the approximate model of the state selector (neglect 
of fringing fields and the simplified expression for the electric 
field) and the spatial extent of the actual OH source, the analy­
sis of the measurements involving the J = 5/2 state is expected to 
be less accurate at high selector voltages. 
From the measurements with state selection, separate 
values for the branching ratios are only obtained from the experi­
mental data at 3.2 kV, because no Q (1) result is available at 
10.1 kV and the Q.il) value at 20 kV is subject to a large un­
certainty. Insertion of the results shown in Fig. 5.2, the state 
selector efficiencies given in Sect. 4.3 and the values of ε 
presented above into Eq. (5-16,17) yields for the branching 
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ratios : 
χ = -0.74(86) 
y = 6.2 (4.9) 
Неге Ζ = 1 is assumed, corresponding to no anomalous population 
distribution over the rotational levels at Τ= 300 К. The errors 
quoted are determined from the uncertainties in ε, the selector 
efficiencies and the experimental results by the well-known rela­
tions for error propagation, assuming all errors to be statistical­
ly independent. These values of χ and у are not meaningful, which 
is mainly due to the observed larger effect on the J= 5/2 micro­
wave transition compared to the J= 3/2 result during UV excitation 
via the Q1(l) line. The quantity dominating the dependence of U 
on state selector voltage is the factor S „_(-,5/2,3) + Ω'/iî in 
err с s 
the denominator of Eq. (5-17), which vanishes for high selector 
voltages. At increasing voltage the value of U is therefore 
expected to rise; a reduction, however, is observed at 3.2 kV. 
A possible explanation for this is a decrease of the selecting 
power of the state selector caused by OH radicals in the lower 
2 
A-doublet level of the Χ Π . , J= 5/2 state, that, after defocus-
ing, pass between the rods near the end of the selector and are 
still captured by the J= 5/2 microwave cavity, subtending at the 
source a solid angle approximately four times the angle of the 
exit opening of the selector. From these values of χ and y no 
definite conclusions can be drawn. Multiplication of U and U 
from Eq. (5-16) yields an expression: 
U p U Q = (iZ_ï)(ijlZ) (5_19) 
which depends only on the branching ratios. Insertion of the 
theoretical values x=0.25 and y=0.37 gives U U =5.1, which 
deviates strongly from the value 2.01(57) obtained from the data 
at 3.2 kV in Fig. 5.2 and indicates a possible anomaly in the 
actual values of χ and y. However, before definite conclusions 
can be drawn, more accurate measurements have to be performed. 
Also more accurate calculations of the state selector efficiencies 
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are required, especially for the lower A-doublet levels involved 
in the UV induced population transfer proces. This might require 
the application of the exact expression for the electric field 
inside the selector as given by Vonbun (VON 58), the inclusion 
of (de)focusing by the fringing fields of the selector, the know­
ledge of the velocity distribution of the OH radicals in the mole­
cular beam as well as the determination of the relative occupation 
2 
Ζ of the Χ Π , , J= 3/2 and J= 5/2 states. 
Without state selection all selector efficiencies vanish 
and the change in the microwave signal becomes equal to: 
s s 
Consequently very large relative effects are possible, which is 
in agreement with the observations (Fig. 5.2). The parameter к, 
defined in Eq. (5-17),then becomes equal to the ratio of the 
relative population inversions ε at the J= 5/2 and J= 3/2 micro­
wave transitions. Assuming as before no anomalous population dis­
tribution over the rotational levels (Z= 1) and the theoretical 
branching ratios to be applicable the following values of к are 
obtained from Eq. (5-16) and the results shown in Fig. 5.2: 
ic = 0.63(17) for the Q (1) series 
к = 0.84(52) for the Ρ (2) series 
From the values of ε presented earlier we obtain: 
к - 0.75(20) for the 0(1) series 
к = 0.58(19) for the Ρ (2) series (5-21) 
which is in agreement with the result obtained above. 
The branching ratios are determined from Eq. (5-16), 
Fig. 5.2 and the values of < presented in (5-21). The result is: 
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χ = 0.36(39) 
y = 0.38(31) 
Within the large error bounds, which are mainly due to the large 
measuring error in the experimental data for Ρ (2) excitation, 
these values are in agreement with the theoretical predictions. 
Conclusions regarding possible deviations from the predictions 
cannot be drawn because of the large uncertainties. Comparison of 
the theoretical value of U U with the result 3.8(2.6) obtained 
from Fig. 5.2 also produces agreement within the large error 
bound. Experimental determination of the value of U U , however, 
can provide evidence for possible anomalous branching ratios 
without the need for knowledge of state selector efficiencies and 
energy level occupations and is therefore a powerful tool to 
investigate the UV induced population transfer proces. 
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CHAPTER б 
ASTROPHYSICAL C04SEQUE\CES AND CONCLUSIONS 
6.1 THE POPULATION TRANSFER PROCES IN INTERSTELLAR OH 
The influence of the hyperfine splittings in the Α Σ . 
state (reported in the previous chapter) on the UV induced popu­
lation transfer in interstellar OH is calculated according to the 
model described in Chap. 2. To evaluate the equations for popula­
tion transfer the Einstein coefficients for spontaneous emission 
are calculated with the help of Eq. (Al-4,5) and the expressions 
for the dipole moment matrix elements of the UV transitions given 
by ter Meulen (MEU 74). The oscillator strength f for the 
ν= 0 + 0 band is taken equal to 1.03x10 (DIM 79). For the cascade 
2 2 
through the X n, ,„ and Χ Π. ,0 states we use the values of the J/¿ l/ώ л \ 
Einstein A coefficients given by Destombes et al (DES 77). As in 
Chap. 2 the UV flux density, assumed in the computations, is 
—17 —2 —1 10 Wm Hz . which corresponds to an 05 star (R = 10R , 
'
r
 * о 
Τ=70,000 К) at a distance of 2 ly from the OH formation (LIT 66, 
TUR 70). Figure 6.1a shows the relative gain factors G for the 
2 1^ 
four microwave transitions in the Χ П_ ,„, J= 3/2 state, calcula­
ted according to Eq. (2-27), as a function of UV optical depth 
assuming a kinetic temperature of 4.5 K. UV optical depth is de­
fined here in terms of the depth (at line center, in thermal equi­
librium and excluding overlap with nearby transitions) at the 
Α
2
 ς!., K=l, J=3/2, F=2,+ * X2",/,! J = 3/2, F=2,- transition, 
The optical depth is temperature dependent via both the population 
of the ground state and the UV Doppler width (Eq. (2-23,24)). At 
4.5 К unit optical depth corresponds to a projected density N L 
17 —2 
equal to 9.0x10 m , whereas the values at 14 К and 50 К are 
18 —2 1Я —2 
1.6x10 m and 3.4x10 m , respectively. The quantity L is 
the length of an OH cloud having τ = 1. If the parameter n is 
defined as the ratio of the hyperfine splitting of the considered 
2 
1) Correction is made for the value of the Χ Π,/,, J= 5/2, F= 4,-
2 -1 
+ Χ Π-,/ρΐ J =7/2, F=3,+ transition, which should read 0.5207s . 
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rho-doublet state (given in Table 5.1) to the full Doppler width 
at half height of the UV transition, its value at Τ=4.5 К is less 
than unity for all lower rho-doublet levels of each rotational 
Ζ state, whereas η> 1 for all other levels. Figures 6.2a and 6.3a 
show curves similar to those of Fig. 6.1a at different tempera­
tures (note the change of vertical scale in Fig. 6.3a); at 14 К 
only transitions to the K= 0 rotational state have η> 1, whereas 
at 50 К overlap occurs for all hyperfine split rho-doublet states. 
The maxima, shown in the curves, correspond to depths at 
which the Α Σ* . , K= 2, J = 5/2, F+l,- * Χ Π . , J=3/2 f F,+ 
transitions dominate the inverting population transfer between 
2 + the Л-doublet states, whereas the Α Ε,,/,ι K=3, J =5/2, F + l,+ * 
2 
Χ Π . , J=3/2, F,- transitions are responsible for the anti-
inverting transfer (Fig. 6.4). Radiation corresponding to the 
transitions to the Α Σ . , J=l/2, F ¡¿ 0 and J = 3/2 states is al-
ready absorbed at these depths due to the large line strengths 
of transitions to the K= 1 states or the strong overlap in the 
transitions to the K= 2 states (the transitions to the two Α Σ . , 
J=1/2, F=0 states are not efficient for population transfer). 
With increasing temperature growing overlap between the absorp­
tion profiles of the Α2Σ* . , J= 5/2, F= 3,± * X 2n_ / 0, J= 3/2, 
2 + 2 
F= 2,+ and the Α Σ ^ / 2, J=5/2, F=2,± * X П ^ , J=3/2,F=1,+ 
transitions reduces the intensity of the UV radiation in the 
corresponding bandwidth and consequently the depopulation of the 
F= 1 and F=2 ground state levels of both A-doublet states. Due 
to the smaller hyperfine splitting (Fig. 6.4) the relative in­
crease with temperature of the overlapped line shape areas is 
lower for the Α2Σ*.„, K=3, J=5/2,+ state (Δν„_=303 MHz) than 
2 + / 2 H F for the Α Σ . , K=2, J=5/2,- state (Δυ =436 MHz). This causes 1/2 Hr 
the balance to change in favor of the population transfer via the 
K=3 state as the temperature is increased, resulting in a reduc­
tion of the population inversion in the main lines of the ground 
state and consequently in a reduction of the gain factors at both 
the 1665 MHz and 1667 MHz transitions. An additional reduction is 
due to the Τ 2 dependence of the gain factor via the linewidth 
of the microwave transition. 
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REL GAIN FACTOR 
[m2« 10"] Τ = * 5 Κ 
UV OPTICAL DEPTH 
Fig. 6.1a The relative gain factors G. . of the four ground state 
microwave transitions versus optical depth at T=4.5 K. 
UV OPTICAL DEPTH 
Fig. 6.1b Same as Fig. 6.1a, including collisions with hydrogen 
at Ν σ = Ю - 1 0 m - 1. 
2 
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REL GAIN FACTOR 
[ m 2 « 1 0 i e ] Τ = K K 
Ν „ 2 υ = 0 
1667 
I ι ι ι ι ι__ι ι ι ι ι ι ι ι ι ι__ι ι ι _ _ ι _ _ 
О 1 2 3 4 5 6 7 8 9 10 
UV OPTICAL DEPTH 
F i g . 6.2a The r e l a t i v e g a i n f a c t o r s G . . of t h e four ground s t a t e 
microwave t r a n s i t i o n s v e r s u s o p t i c a l depth a t Τ= 14 К. 
F i g . 6.2b Same as F i g . 6 . 2 a , i n c l u d i n g c o l l i s i o n s wi th hydrogen 
a t Ν σ = I O - 1 0 m - 1 . 
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UV OPTICAL DEPTH 
F i g . 6 .За The r e l a t i v e g a i n f a c t o r s G. . of t h e four ground s t a t e 
microwave t r a n s i t i o n s v e r s u s o p t i c a l depth a t Τ= 50 К. 
REL GAIN FACTOR-
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F i g . 6.3b Same as F i g . 6 . 3 a , i n c l u d i n g c o l l i s i o n s wi th hydrogen 







































Fig. 6.4 The hyperfine transitions from the Χ Π , , J= 3/2 state 
2 + to the A £ . state in the UV region near 307 nra. The 
numbers given at the transitions are the Einstein 
coefficients for absorption relative to 10 m s W 
The numbers shown between the energy levels are the 
hyperfine splittings in MHz. 
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The shift of the maximum of the gain factor to smaller 
optical depths at increasing temperature is explained by a similar 
argument: the increase of the anti-inverting population transfer 
via the A £../,» K=3, J =5/2,+ state relative to the inverting 
effects via the K= 2, J= 5/2 state, which occurs when the tempera­
ture increases, is compensated by the combination of higher UV 
fluxes, present at smaller optical depths, and larger line 
strengths of the transitions involving the K=2 state. In addition 
the actual value of the optical depth, in the absence of therma-
lizing collisions, increases more rapidly than the value based on 
equilibrium considerations: because of the radiative decay of the 
excited rotational states the final ground state populations and 
consequently the UV optical depth are larger than the thermal 
equilibrium values. This effect, which becomes larger at in­
creasing temperatures, enlarges the shift of the maxima of the 
curves. 
We have also calculated the effect of thermalizing col­
lisions with H on the gain at the four microwave transitions 
using the model discussed in Chap. 2. The results are shown in 
Fig. 6.1b, 6.2b and 6.3b (note the change of vertical scale com­
pared to the previous figures). A strong quenching of the rela­
tive gain factors is clearly present. In the computations the 
collision parameter Ν σ is taken equal to 10 m , which 
2 3 -3 
corresponds to a H density of 10 cm when a collision cross 
-19 2 
section of 10 m is used (ELI 76). In this situation the 
ratio between the collisional deexcitation rate С per magnetic 
sublevel and the UV excitation rate W at the А Г . , K=l, J=3/2, 
2 
F=2,+ * Χ Π,, , J=3/2, F=2,- transition at the front of the OH 
formation is 0.03 at 4.5 K, 0.05 at 14 К and 0.08 at 50 K. The 
shift of the maxima in these gain curves towards lower UV opti­
cal depths, compared to the collision free situation, is due to 
the reduction of the radiative contribution to the transfer pro­
ces relative to the thermalizing collision part, as the UV flux 
penetrates into the OH cloud. It is clearly demonstrated by these 
results that collisional quenching at large optical depths more 
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strongly affects the radiatively induced population inversion 
between both F=2 levels than between both F= 1 levels. At H 
densities two orders of magnitude higher the collisional deexci-
tation rate С exceeds the UV excitation rate at the front of the 
OH cloud by a factor of 3 at 4.5 К and 8 at 50 К and quenches the 
population inversion ΔΝ, defined in Eq. (2-28), to values of at 
most -2.0% at 4.5 К and -0.25% at 50 К at all four microwave 
transitions. Calculations show, that this quenching reestablishes 
the absorptive gain ratio 1:5:9:1 for the 1612 MHz, 1665 MHz, 
1667 KHz and 1720 MHz transitions at all temperatures and optical 
depths. Turner's results, including collisions, indicate a sub­
stantial enhancement of the maximum gain factor at 1720 MHz rela­
tive to the other microwave lines, which does not show in our 
calculations. In addition. Fig. 6.1b, 6.2b and 6.3b show a strong 
reduction of the main line gain factors with increasing tempera­
ture, which is in contradiction with Turner's results. However, 
as explained in Chap. 2, his results are probably obtained at a 
fixed temperature but with diminishing hyperfine splittings in 
the Σ state. The increase of the maximum gain factors at the main 
lines is, however, not clear as is the behaviour of the 1720 MHz 
transition. In addition, the various uncertainties in Turner's 
model severely hinder a comparison with our results. 
As is evident from the strong influence of the collisional 
effects, deviations from the approximations used in the calcula­
tion of the collisional transition rates, presented in Chap. 2, 
may strongly influence the results obtained above. If in contrast 
to the present statistical model a rotational- and parity-selec­
tive collision proces is assumed, the main line inversion can be 
increased (GWI 73, BER 76). Therefore a good understanding of the 
proces of inelastic collisions of hydroxyl with molecular hydro­
gen is of vital importance to the population transfer mechanism. 
The results, shown above, apply to UV excitation of OH 
radicals having a Gaussian absorption line profile. Comparison 
of Fig. 6.1a with Fig. 2.4, where a rectangular lineshape at the 
same temperature was assumed, show large differences. In the 
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results with a rectangular profile the reduction of the gain fac­
tor at 1665 MHz relative to the other three ground state micro­
wave transitions is quite remarkable. Whereas always overlap be­
tween neighbouring Gaussian line profiles takes place, no overlap 
is present at all between the rectangular absorption profiles of 
transitions to different levels in the Σ state at 4.5 K. Compared 
to the case of a Doppler profile, the maximuTi gain factor at 
1667 MHz is increased slightly, the optimum is shifted to a smal­
ler optical depth and the population inversion between the F = 2 
levels at large optical depths is significantly reduced, when a 
rectangular absorption profile is used. It is therefore concluded 
that the results for the relative gain factors depend strongly on 
the lineshape assumed in the model. 
Under conditions of unsaturated maser action and negligible 
eous emission, the observed intensity I. 
transition |i> * |j> is given by the relation: 
spontan I . at microwave 
1 = 1 (0) exp(M ) = 1 ( 0 ) exp[ ƒ G (s) N ds ] (6-1) 
M. . represents the total gain at the considered microwave transi-
tion, I. .(0) the microwave intensity incident on the hydroxyl 
cloud. The integration extends along the line of sight over the 
total length L of the OH formation. In the one-dimensional model 
of the OH cloud assumed in the calculations the line of sight is 
parallel to the UV pumping direction and the total gain M. . at 
optical depth τ is given according to Eq. (6-1) by: 
' W - ' O . I ' O / 0 G i j U ) d T ( 6 - 2 ) 
where τ represents the UV optical depth in thermal equilibrium 
and N L is the projected density corresponding to unit optical OH 0 
depth at the considered temperature. Table 6.1 shows values of 
the total gain M of all four ground state microwave transitions 
as a function of UV optical depth τ for the various kinetic 




































































































































































Table 6.1 The total gain of the ground state microwave transitions as a function of UV optical 
depth, according to the model including collisions (N a= 10 ra ). The UV pumping 
H2 
direction is along the line of sight. 
with hydrogen at Ν,, σ= 10 m (values for N L at the con-H Un U 
siderea temperatures are given earlier in this chapter). It is 
clear from these values, that Τ> 14 К if the gain at the 1665 MHz 
line should exceed the value at 1667 MHz. Gains in the order of 20 
or higher, however, are not obtained at these temperatures, 
except possibly in very cool and optically thick formations as 
may be expected from an extrapolation of the data at 4.5 K, in 
which case the 1665 MHz emission can also exceed the output at 
1667 MHz. When the gains are calculated in the absence of col­
lisions, very large values (up to 140 at 4.5 К in the 1667 MHz 
line) are obtained. Quenching of the population inversion due 
to microwave transitions across the Л-doublet, however, will re­
duce these values. The microwave transition rate W..is estimated 
from the relation: 
B. .1 
W. . = -bl_£ a exp(M. .) (6-3) 
ij с m ij 
Here I represents the microwave intensity (T=3 K) incident on 
the OH cloud, B..is the Einstein coefficient of the considered 
transition |i> •* |j> and the solid angle of the amplified micro­
wave emission is taken equal to Ω . If the angle is determined 
m
 2 
purely geometrically Si will be in the order of (d/L) with d 
and L the thickness and length of the OH cloud, respectively 
(LIT 66 ). In case of a strictly one-dimensional model a would 
m 
then be very small and microwave quenching should be negligible. 
In this situation the high gains shown in Table 6.1 can be 
reached. If, however, we allow at this point for beam spreading 
the microwave quenching is no longer negligible in the region of 
high total gain and a reduction of the produced gain factors will 
occur. To obtain an estimate of the influence of microwave quen­
ching we take Ω =M. . (LIT 66) in this case and using for the 
m ij 
collisional transition rate C. . at 1665 MHz the values of 
1.7xl0~19 s - 1, З.ОхЮ - 1 9 s - 1 and 4.8χ10~19 s"1 at 4.5 К, 14 К 
and 50 К, respectively, (estimated from Eq. (2-20,21)) we found 
that at 4.5 К the present model is valid (W..< С..) up to G^3.5 
in the 1665 MHz line, whereas the limits at 14 К and 50 К are 
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G= 4.0 and 4.5, respectively. At 4.5 К microwave quenching is more 
severe at 1667 MHz than at 1665 MHz for τ> 4, because of the 
considerably higher gains encountered at 1667 MHz. This results in 
an enhancement of the gain at the F = 1 •* 1 transition with respect 
to F = 2 ->• 2. At 14 К the same effect occurs for 5 < τ < 8 ; if τ>9 
the situation is reversed. At 50 К all gains are low and quenching 
is supposed to be weak. In all cases, however, the magnitude of 
the gains, observed to be in the range 20-30 in interstellar OH 
formations (TUR 70, DYM 73), will be inexplicable within the 
present model if collisions with Η are included. A correct treat­
ment of microwave quenching, however, is hard to incorporate into 
the present one-dimensional model, because it depends strongly on 
the geometry of the OH cloud and, being triggered either by spon­
taneous emission or by the isotropic 3 К background radiation, is 
essentially not a one-dimensional proces. Comparing the results 
with and without collisions it is expected that, in case micro­
wave quenching is not too strong, the gains at a low collisional 
transition rate will be higher than the values shown in Table 6.1 
and the gain at 1665 MHz will grow with respect to 1667 MHz. 
The present calculations show that the UV induced population 
transfer mechanism, as proposed by Litvak (LIT 66) and applied by 
Turner (TUR 70), is able to explain, under certain conditions of 
temperature and projected density, some characteristics of Class I 
OH emitters such as the existence of anomalous intensity ratios 
of the four ground state microwave transitions and the dominance 
of the 1665 MHz emission. The model seems to fail, however, in 
explaining the observed high gains at the main line transitions 
of the ground state. The present results indicate that these high 
gains are only possible at low Η densities and low temperatures 
( < 14 Κ), in which case quenching effects due to microwave tran­
sitions across the A-doublet should be taken into account. 
UV excitation from higher rotational states is believed to be 
negligible due to the extremely low population rates (via collision 
and the cascade following UV excitation from the ground state) 
involved compared to the spontaneous emission rates of these 
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states (1-100 s ). Other refinements of the model include 
trapping of UV radiated in the decay of the Σ state (ELI 76) in a 
two- or three-dimensional model, which increases the efficiency 
of the pumping proces and therefore possibly allows for higher 
gains, interaction with population transfer processes due to IR 
and more sophisticated collision models (GWI 73, BER 76). 
6.2 CONCLUSIONS 
Intra-cavity frequency doubling of a single mode dye laser 
has proven to be a powerful technique to obtain high molecular 
excitation efficiencies in the UV, which are at least two orders 
of magnitude larger than obtainable with any other tunable radia­
tion source. Together with the present frequency stabilization long 
time measurements of radiative population transfer have been made 
possible. The present measurement of the hyperfine structure in 
an electronically excited state by the technique of laser induced 
fluorescence from a molecular beam is the first one in the UV region. 
To determine the astrophysical consequences of overlapping 
UV transitions in interstellar OH formations, the present measu­
ring accuracy of approximately 2 MHz is sufficient, If desired, 
however, greater resolution may be obtained by the application 
of a better collimated molecular beam or by reduction of the region 
from which fluorescence is detected. If the total beam divergence 
in this region is kept below Io, the known ground state hyperfine 
splittings of OH are resolved in the J= 3/2 state, which eliminates 
the need for additional frequency calibration and consequently 
render drift corrections, to be applied in our situation, redun­
dant. This procedure, however, will not be effective if the ground 
state splittings are much smaller than 50 MHz (higher rotational 
states in OH) , because the divergency cannot be reduced at will 
without reduction of the sensitivity. Double resonance experi­
ments, using the frequency stabilized UV radiation to populate 
the electronically excited state followed by microwave or RF 
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excitation to the other hyperfine state, pemits rauch higher 
resolution, because the attainable accuracy is detemined by the 
frequency calibration of the microwave or RF radiation (GER 73). 
Because the transitions in the Σ state are ± *+ + parity transi­
tions in this method, high microwave or RF fields are required to 
induce these transitions, which limits the applicability of this 
technique because of the occurrence of gaseous discharges in the 
excitation region (GFR 73). The technique described in this thesis 
can also be used to measure the hyperfine structure in the Α τ . , 
11 ¿, 
ν= 1 vibrational state of OH by excitation with UV radiation near 
281.9nm(DIE 62), which, however, requires different coatings in 
the laser system in conjunction with an angle-tuned ADP or KDP 
crystal. With an ADA crystal UV generation is possible in the 
wavelength range of 290-310 nm (Fig. 3.2) by temperature tuning 
or above this region by angle tuning, which permits the study of 
the energy level structure of other free radicals having electronic 
absorption bands in the 300 nm region, such as OD, SH, CN, and NH. 
Beam maser investigation of the influence of electronic 
excitation on the intensities of two different microwave transi­
tions neasured simultaneously is a powerful technique to obtain 
branching ratios, hhen the three-level population transfer is 
induced in reversed order several uncertainties are eliminated 
like state-selector efficiencies and anomalous rotational occupa­
tion distributions, which can often be quantified only very 
approximately. The present measurements are the first ones of this 
type using CW UV excitation in a molecular beam. From the intensity 
2 
changes observed on the Χ Π . , J= 3/2 and J= 5/2 л-doublet tran­
sitions some evidence for the existence of anomalous branching 
ratios from the Α Σ./«» K=l, J=3/2, F=2,+ state of OH has been 
obtained. Definite conclusions about this possibility can be drawn 
after investigation of another scheme of transitions involving 
either the Q.il) or the Ρ (2) lines and which also permits the 
determination of the absolute values for these ratios. The experi­
mental accuracy then has to be improved which is possible by an 
enhancement of the UV excitation by either a higher UV intensity 
or a larger number of reflections. The latter is possible by the 
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application of mirrors having a higher UV reflectivity or by a 
multiple reflection system in which the UV radiation crosses the 
molecular beam a large number of times in a very confined region 
(KIE 72). Enlargement of the UV intensity is possible by a more 
collimated laser beam, a reduction of the losses in the radiation 
transfer system and by use of higher pumping powers from the argon 
ion laser. The latter can only be achieved if thermal lensing 
effects in the dye medium are reduced by the use of other solvents 
and a higher dye flow velocity (LEU 76, FRO 76). Power improvement 
is also possible by a reduction of the losses in the dye laser 
cavity through the application of other tuning elements, like a 
biréfringent filter to replace the tuning wedge or a retroflecting 
grating in a double Michelson set-up for mode selection (PIN 78). 
From the discussion in Chap. 3 it is concluded that a reduction 
of the length of the frequency doubling crystal may also result in 
an enhancement of the generated UV power due to a decrease of 
absorption and of thermal phase-mismatching problems inside the 
crystal. Frequency stability can be improved by the application 
of separate feedback loops for LF and HF noise components present 
in the dye laser output frequency, whereas intensity dependent 
gain control in the feedback loop will minimize the probability 
of oscillation of the electronic circuitry at higher output power 
levels from the dye laser. With the advent of the ring dye laser 
important new facilities for the generation of high power single 
mode UV radiation have become available, that can be applied in 
the study of the UV induced population transfer mechanism for 
interstellar hydroxyl. 
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APPENDIX 1 THE EQUATIONS FOR RADIATIVE TRANSFER 
The intensity I (s) at frequency υ and position s is derived 
from the power dP within frequency bandwidth dv flowing within a 
solid angle da through a surface element do normal to the direction 
of propagation: 
dP = I dvdadn (Al-1) 
\) ν 
If the spontaneous emission is assumed to be isotropic and the 
stimulated processes to be due to a radiation field having an 
energy density ρ (s) =-I (s) dn, the energy balance between spon­
taneous and stimulated processes within a volume element dv= do.ds 
then yields the differential equation for the variation of inten­
sity along the direction of propagation s: 
di (s) , , 
- a r - = I i fe А .
Л
( 5 ) е ( , > У . .) + ^ в . . і ч ( 3 ) е ( . . .),< 
ôki
 ч 
{N.(3) - -i N.(s)}] (Al-2) 
j J 
Неге g. is the degeneracy of level i and g(\>tv. .) the line shape 
of the transition i * i centered at v. ., which, in the interstel-
lar situation, is assumed to be Gaussian due to Doppler broadening: 
ß t ^ i j ' = i b «Ψ* exp[-ln2( ^ з )2] (Al-3) 
The Einstein A. . and B. . coefficients are related by: 
3 
8π\ι. .h 





B. . = — Ы _ (Al-5) 
^ 6c h 2 
о 
and: g.B. . = g .В . . (Al-6) 
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where μ. . is the dipole moment matrix element of the transition 
i + j. The Einstein В coefficient given by Eq. (Al-5) has been 
averaged over the orientations of the molecular dipole moment 
(assumed to have an isotropic distribution of directions) relative 
to the two polarization directions of the radiative field. The 
ratio R of the spontaneous and stimulated terms in Eq. (Al-2) is 
estimated by considering a two-level system: 
C A21 N2 
R = .
 R т к = (Al-7) 4 π Β21 Ι4 )
 β2 
Ν Ν, 
2 g, 1 
In the presence of stimulated and spontaneous processes and a 
negligible collisional transition rate the steady state populations 
N and N are related by: 
Nl A 2 1 + B 2 1 p ( v 2 1 ) 1
 =
 _  21 2
 ( A 
N 2 B12e{"12l) 
Here p(\)) = I ΔΩ/C is the energy density in the radiation field at 
ν assumed to be due to a radiation field propagating within a solid 
angle ΔΩ (the width Δν „ of the molecular absorption profile is 
assumed to be much smaller than the spectral width of p, which is 
true for the UV radiation at the front of the OH cloud). Insertion 
of (Al-8) into (Al-7) then yields at line center (υ=ν ): 
|R | = ^ (Al-9) 
V21 4 π 
This expression shows, that the spontaneous transitions can be 
neglected in the calculation of I within the cloud, if this 
intensity is confined within a very small solid angle. 
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APPENDIX 2 THE FOCUSED GAUSSIAN BEAM 
The expression for the electric field strength in a focused 
Gaussian beam has been derived by Bjorkholm (BJO 66). The result, 
taking into account crystal absorption and assuming a time depen-
, -icut dence e , is: 
Í/ \ о -Угаг ikz , / 2 2. . 2,. . ., Eíx.y.z) = • e e exp{-(x +y )/w (1+ΐτ)} (A2-1) 
Herein a represents the power absorption coefficient of the crys­
tal medium at frequency ω, к the wavevector of the central pencil 
of the focused laser beam inside the crystal (coinciding with the 
z-axis), 2w the diameter of the beam waist and T=2(z-z„)/b, where 
о г 
z p is the focal position (Fig. A2.1); b is the confocal parameter 





The origin is taken on the center of the beam at the crystal sur­
face. In biréfringent media the expression (A2-1) is valid only 
for the ordinary wave. Boyd et al (BOY 68) have derived an 
crystal 
Fig. A2.1 The focused Gaussian beam geometry (the vertical 
dimensions are greatly exaggerated). 
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expression for the extra-ordinary wave, which will not be reprodu­
ced here, because its knowledge is not required for type I SIIG 
processes in negative uniaxial crystals. The intensity distribution 
(power per unit area) at frequency ш is given by: 










| e a Z ^ (A2-3) 
1 + τ 
where η represents the refractive index of the ordinary ray at 
frequency ω. From this result the following equivalent definitions 
for the confocal parameter b are deduced: 
-the distance between the half power points on axis on 
either side of the focus and applies only in the absence 
of absorption; 
-the distance between the locations on either side of the 
focus, where the spotsize w of the beam has increased to 
w /2; 
о 
The confocal parameter is related to the far-field diffraction 
angle 6, shown in Fig. A2.1, by the expression: 
2w 
b = — - (A2-4) 
δ 
It should be emphasized that the quantities used in the theory on SHG 
are to be taken inside the nonlinear crystal and are related to 














The problem of focusing of a Gaussian beam by a lens, having 
focal length f, has been discussed by Yariv (YAR 75). Extension of 
his result to the confocal parameter b inside the crystal delivers, 
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using (Λ2-2) and (A2-5): 
2 2 4f η 2fn 
b = ^2 / t 1 + ( — γ ' I (A2-6) 
kw kw 
where the beam incident on the lens is assumed to have its waist w 
at the lens. In practical situations the last term in the denomina­
tor is very snail and (A2-6) is very well approximated by: 
4f η 
b = γ- (A2-7) 
kw 
The curvature Ρ of the wave front of the Gaussian beam at a dis­
tance s behind the crystal is determined via the propagation law 
for Gaussian beams m the paraxial approximation (YAR 74) assuming 
the focus to be centered in the crystal : 
" =
 S +
 2ΤΓ + ( 2 ^ >2/ f3 + ¿"Ι (A2-8) 
0 0 о 
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APPENDIX 3 THE EINSTEIN THEORY FOR A N-LEVEL SYSTEM 
We consider a η-level system, where population is transfer­
red from level 1 in the ground state to level 2 in the excited 
2 + 
electronic state Α Σ . by means of UV excitation at a rate W . 
In the subsequent decay of level 2 population is returned to level 1 
by spontaneous and stimulated processes at a rate A and W , 
respectively, and transferred to various other levels, designated 
i=3,4,...,η by spontaneous emission at a rate A .. The stimulated 
emission rate W„. is related to the excitation rate W., „ by 21 12 ^ 
g W =g W with g. the degeneracy of level к. With these proces-
ses the rate of change of the population of the various energy 
levels is given by: 







 W12N1 - ( W21 + A ) N2 ( A 3- 2 ) 
Ñi= A2iN2 (i=3,4,... (A3-3) 
η 
Herein A = \ A . represents the total spontaneous decay rate of 
level 2. _ The population N.(t) of level i at time t is obtained 
by solving this system of equations assuming N.(0) = 0 for i > 1. 
The result is: 
N (0) 
N (t) = / [(λ +W τΑ)εχρ(λ t)-U +W +A)expU t)](A3-4) 
+ — 
W12 N2(t) = N1(0) ^-^- [expU+t)-expU_t)] (A3-5) 
+ -
W А ехрЦ t) exp(X t) A 





with " X± = -^(W 1 2+W 2 1 +A) ± ^ [(W 1 2 +W 2 1+A)
2
-4W 1 2(A-A 2 1)]
y 2
 (A3-7) 
If the interaction time of the molecules with the radiation field 
is given by T, only spontaneous decay of level 2 occurs for t> Τ 
(all levels i^ 2 are assumed to have an infinite lifetime, at 
least compared to the times of interest in the beam maser). The 
final population N.f") of level i, including this spontaneous 
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decay, is then given by: 
A2i Ni(-) = Ni(T) + -|i N2(T) for i/2 (A3-8) 
The relative reduction R =1 - N (<»)/N (0) of the population of 
level 1 is obtained from Eq. (A3-4,5,8): 
R1 = 1 - 3 ^ [(X + +A +W 2 1 +W 1 2A 2 1/A)exp(X +T) -
+ -
U_+A+W21+W12A21/A)exp(X_T)] (A3-9) 
With the help of Eq. (A3-7) the final population of level i is 
then expressed in terras of R by: 
A2i 
N. (-) = r - ^ Κ,Ν,ίΟ) (A3-10) 
1 A-A 2 1 1 1 
If, contrary to the assumption made above, level i (i > 2) is not 
empty at t=0, the resulting change in population of this level 
is given by Eq. (A3-10) and a relative change R., analogous to 
R , can be defined and expressed in terms of R : 
A N (0) 
Ri = - А П ^ Ri ÑTTOT ^3"11* 
Confining the attention to weak interactions (W <<A, W T<<1) 
the relative changes R and R reduce to: 
Rl =' W12 T ( 1" A21 / A ) (A3-12) 
A N (0) 
Ri = - — wi2 T N-TÏÏ7 (A3-13) 
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SAMENVATTING 
In deze dissertatie is een onderzoek beschreven naar popu-
latie transport in interstellaire hydroxyl formaties geïnduceerd 
door ultraviolette straling rond 308 nm. Als gevolg van de UV 
excitatie naar de eerste aangeslagen electronische toestand Α τ . 
en het daarop volgend verval terug korat onder bepaalde omstandig­
heden (temperatuur en dichtheid) populatie inversie tussen de 
2 
hyperfijne toestanden m de laagste energie toestand X n_ ,„, J= 3/2 
tot stand. Bij voldoende grote inversie kan dit proces resulteren 
in de waargenomen maser emissies bij 1.6 GHz op de vier overgangen 
welke tussen deze hyperfijn toestanden mogelijk zijn. Volgens het UV 
pomp model hangen de relatieve intensiteiten van de vier emissie 
lijnen sterk af van de mate van overlap tussen de Α Σ.,, hyperfijn 
2 + toestanden. De bepaling van de hyperfijn opsplitsingen in de Α τ . 
toestand is een van de resultaten van dit onderzoek. Hiernaast 
is in een bundel maser opstelling populatie inversie waargenomen 
als gevolg van UV excitatie. 
Een beschrijving van dit transport mechanisme, alsmede van 
de molekulaire energie niveau structuur van OH, welke van belang 
is bij de bepaling van de invloed van overlap van de exciterende 
UV overgangen, is gepresenteerd m Hoofdstuk 2. 
Uit een berekening van de UV intensiteit (par. 2.4), ver­
eist voor de experimentele studie van dit populatie transport 
proces, wordt geconcludeerd dat slechts een vloeistof laser, waar­
van de straling frequentie verdubbeld is door een met-lineair 
crystal (ADA: Ammonium Diwaterstof Arsenaat) geplaatst in de laser 
trilholte, de voor dit doel vereiste vermogens kan leveren. De op 
dit principe gebaseerde, nieuw ontwikkelde, UV bron levert een 
maximum vermogen van 0.3 mW bij 308 nm, is frequentie gestabili­
seerd en heeft een maximum gestabiliseerd scan bereik van 6.6 GHz 
bij 308 nm. Teneinde de vereiste temperatuur stabiliteit van het 
crystal voor optimale werking te verkrijgen is een compact dubbel 
oven systeem geconstrueerd, waarmee een temperatuur stabiliteit 
bereikbaar is van 0.010C bij 1000C. De frequentie stabilisatie 
bleek nodig teneinde de drift van de laser frequentie tijdens de 
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langdurige metingen ('ui uur) te beperken. Via de toepassing van 
een actief tegengekoppeld systeem is het gelukt de laser frequentie 
te stabiliseren t.o.v. de transmissie karakteristiek van een sta­
biele externe referentie trilholte, hetwelk resulteerde in een 
drift <100 MHr/uur van de UV frequentie. Het principe van frequen­
tie verdubbeling in niet-lmeaire nedia, de constructie van laser 
en verdubbelingseenheid, alsmede van bovengenoemde frequentie 
stabilisatie, is uitvoerig beschreven in Hoofdstuk 3. 
De molekulaire bundel maser, die voor dit onderzoek gebruikt 
wordt, is beschreven in Hoofdstuk 4 met speciale aandacht voor de 
UV interactie zone (een spiegelconstructie welke een 40-tal passa­
ges van het UV door de molekulaire bundel toestaat ) en de methode 
van electrostatische toestand selektie. Een molekulaire absorptie 
cel, bedoeld om het zoeken naar de UV overgangen van OH te verge­
makkelijken, is eveneens toegepast bij de metingen en beschreven in 
dit hoofdstuk. 
Het eerste deel van Hoofdstuk 5 beschrijft de eerste gerap­
porteerde metingen van de hyperfijne energie niveau structuur van 
2 + OH in de Α Ζ . electronische toestand. De energie opsplitsingen 
zijn bepaald door variatie van de UV frequentie, waarbij de fluores­
centie van de Σ toestand werd geobserveerd. De waargenomen op­
splitsingen variëren tussen 198 MHz en 778 MHz, hetgeen duidelijk 
2 2 
groter is dan de overeenkomstige grootheden in de Χ π . en Χ Π,,-
electromsche toestanden. Vooral de hyperfijne energie opsplitsing 
2 + 
van de laagste rotatie toestand in A E . is belangrijk groter dan 
van de andere toestanden. 
Het tweede gedeelte van Hoofdstuk 5 is gewijd aan de metin­
gen van het door UV geïnduceerde populatie transport. Met behulp 
van super-heterodyne microgolf detectie technieken op de hyperfijne 
2 
Л-doublet overgangen van zowel de Χ Π , , J= 3/2 als de J= 5/2 
toestand zijn veranderingen van de microgolf intensiteit op deze 
overgangen waargenomen bij instraling van resonante UV straling 
op de Α 2Σ* / 2, К' = 1, J' = 3/2, F' = 2,+ *
 χ 2
Π 3 / 2 , J= 3/2, F= 2,-
of Α 2Σ* , К' = 1, J' = 3/2, F' = 2,+ *• Х 2П 3 / 2, J= 5/2, F= 3,- over­
gangen. De waargenomen relatieve effecten variëren van 0.1% tot 
30% afhankelijk van de toestandselector spanning en de beschouwde 
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overgang. Zowel inverterende als anti-inverterende werking is op­
getreden, hetgeen in overeenstemming is met de verwachtingen. Bin­
nen de waargenomen meetfouten kon geen duidelijke afwijking van de 
theoretische waarden voor de relatieve overgangs waarschijnlijkheden 
vanaf de Ζ toestand vastgesteld worden. Bovendien is bij al deze 
2 
metingen een populatie inversie van 6-8% aangetroffen in de Χ Π , , 
J= 3/2 en J= 5/2 toestanden, welke in de OH produktie zone ont­
staat . 
Met behulp van de verkregen gegevens over de hyperfijne 
structuur is de invloed van overlappende UV overgangen op het 
populatie transport berekend (Hoofdstuk 6). De resultaten tonen 
aan, dat onder bepaalde condities van temperatuur, optische diepte 
en frequentie van botsingen met Η , versterking van microgolf 
22 
straling op de overgangen van de X ¡l . , J= 3/2 toestand mogelijk 
is vanwege een bezettingsinversie van de betrokken energie niveaus. 
Indien de nivellerende invloed van microgolf overgangen op het 
populatie transport proces in rekening gebracht wordt, lijken even-
wel de waargenomen hoge versterkingsfactoren in de interstellaire 
OH formaties onverklaarbaar binnen het huidige model van UV geïn-
duceerd populatie transport. 
Tevens wordt in Hoofdstuk 6 een discussie gewijd aan de 
toegepaste onderzoeksmethodes, waarbij suggesties ter verbetering 
van de meetnauwkeungheid ter sprake komen. Vooral de komst van 
een moderne krachtiger UV stralingsbron (frequentie verdubbelde 
ring laser) lijkt veel belovend voor een verdere studie van dit 
populatie transport mechanisme. 
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